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Abstract 
Catalytic decomposition of methane (CDM) is considered as a promising 
environmental-friendly process for the production of hydrogen. The major promise of this 
process lies in the potential for simple process design and production of highly desirable fuel 
cell grade hydrogen (<10 ppm CO) (without the need for complex hydrogen separation 
processes) and valuable carbon nano materials (CNF/ CNT) as by-products. One of the main 
challenges in realising the potential of CDM is the development of highly efficient (highly 
active and stable / easily regenerated) catalysts. There has been a significant amount of 
research conducted on the development of active and stable catalysts for CDM over the last 
two decades. Of the different catalysts that have been studied to date it is widely accepted 
that Ni based SiO2 and Al2O3 catalysts are the most promising for lower temperature (<600 
°C) CDM. However Ni based catalysts that have been developed to date suffer from rapid 
catalyst deactivation due to surface coking and also sintering of the Ni particles. Hence there 
is a need to develop improved catalysts to enable economic viability of the process. The main 
aim of this study was to investigate factors that influence the activity and stability of Ni based 
catalysts in CDM. The first approach involved investigating the influence of the number of 
Ni active sites present (through the use of promoters and different supports) whilst the second 
involved investigating factors that influence carbon deposition in CDM (with carbon 
deposition being known to have a significant influence on activity and stability).  
In chapter III, initial studies were conducted to study the influence of Fe, Co, Cu, Zn 
as promoters for Ni supported on Hβ zeolite supports. The influence of support particle size 
was also investigated for Ni and Ni-Cu supported H-β zeolite catalysts. Characteristics of the 
catalysts studied were determined using various techniques such as powder XRD, H2-TPR, 
BET-SA, XPS, SEM/TEM and pulse chemisorption measurements. The results obtained 
using Ni supported on Hβ catalysts showed that copper was the most effective promoter of 
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the metals studied, whilst the results obtained on the influence of support particle size showed 
that Ni and Ni-Cu dispersion were significantly higher on the nano H-β zeolite support 
compared to that observed using a commercial H-β zeolite support. The influence of reaction 
temperature and the influence of catalyst calcination temperature were also studied over the 
most active promoted Ni catalyst (Ni-Cu/nanoH-β). The activity results obtained showed that 
the optimised reaction temperature and also optimised calcination temperature for the Ni-
Cu/nanoHβ was 550 °C.  
In Chapter IV; detailed studies were conducted on the influence of the number of Ni 
active sites as well as the role of the most active promoter identified. The results obtained 
showed that the presence of copper minimised the sintering of the Ni particles during the 
reaction (and hence most likely lead to a slower loss of Ni surface area / Ni active sites due to 
carbon deposition). Moreover, Raman spectroscopic studies of the deactivated catalysts 
showed the presence of more graphitic carbon formation with increasing copper loading. A 
mechanism for carbon deposition was proposed based on the results obtained (activity results 
and characterisation results from spent catalysts) . 
In Chapter V, the influence of support type was further investigated by studying Ni-
Cu supported on different silicious materials such as non-porous fumed SiO2, microporous 
(silicalite-1), mesoporous (MCM-41), Al-MCM-41 (Si/Al ratio = 150) and Al-MCM-41 
(Si/Al ratio = 75). This represents detailed studies on the influence of pore characteristics 
(pore volume, pore size)  and also on the introduction of Al- into the frame work of one of the 
supports studied i.e. MCM-41. The results obtained using the different Ni-Cu supoorted on 
silica based catalysts showed that the Ni-Cu/Al-MCM-41 (Si/Al = 150) was clearly the best 
catalyst. The high activity / stability of the Ni-Cu/Al-MCM-41 (Si/Al = 150) was most likely 
due to the presence of framework Al in this catalyst which led to increased Ni and Cu 
dispersion and Ni-Cu surface enrichment that was explained based on H2 and/or  N2O pulse 
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chemisorption and XPS measurments. Raman spectroscopic analysis of the deactivated Ni-
Cu/Al-MCM-41 (Si/Al = 150) catalyst also showed a highly ordered carbon with an 
unprecedented quality of CNFs.  
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Chapter –I 
Introduction and Literature Overview 
 
 
This chapter discusses the main aims of the research performed in this thesis and includes a 
thorough literature survey on catalytic decomposition of methane. In addition other 
technologies for hydrogen production are discussed. The main topics discussed with regards 
to catalytic decomposition of methane include: catalyst preparation, catalytic activity and 
stability and carbon growth mechanisms.   
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1.1 Introduction 
Energy plays a key role in current economic development, due to its significance in 
major technologies including automobiles and industrial sector. Currently, it is playing a 
central role even for the social progress of nations around the world. With ever-increasing 
population increases there will be a tremendous increase in the demand for energy over the 
next few decades. It is estimated that the world population will reach approximately 7.5 
billion in 2025 and it is predicted that the global consumption of energy is expected to 
increase 50-60% compared to current consumption [1].  
Approximately 80% of the present world energy demand is fulfilled by fossil fuels 
such as oil, coal and natural gas (Figure 1.1A) [2]. However energy production from these 
fossil fuels produce significant amount of CO2 emissions. The energy sector contributes 
about 40 percent of global emissions of CO2. The increase in CO2 emissions are mainly 
responsible for global warming, adverse effect on climate change and ocean acidification, 
which results in serious effects for ecosystem as well as human society. The CO2 emissions 
(and other pollutants) associated with the use of fossil fuels has however led to significant 
interest in ways to reduce the environmental impacts of these fuels. The fossil fuel methane 
(CH4) in particular has received significant interest with regards to its lower CO2 emissions 
compared to other fossil fuels and its conversion into more environmentally friendly 
chemicals and development of alternative fuels. One of the main potential uses of methane is 
as a source of hydrogen.  
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Figure 1.1: (A) Total primary energy supply by fuels in 2015 and (B) Shares of global 
anthropogenic greenhouse gas emissions, 2010 [Source: IEA estimates for CO2 from fuel 
combustion and EDGAR 4.3.0/4.2 FT2010 for all other sources]. 
Hydrogen is considered as a globally accepted renewable energy carrier, which can able 
to satisfy the growing demand for clean energy. Significant advantages of using hydrogen 
include: 
 
- It produces only water on its combustion thus it can be considered as clean fuel [3].  
- It can be generated from  any hydrogen containing  source of energy (including fossil 
fuels, bio mass and water) and storage over time [4] 
- Hydrogen is largely available in the universe, lightest fuel and richest in energy per 
unit mass (34.0 kcal/g, Table 1.1) [5].   
- Hydrogen liberates higher quantity (three times) of energy (39.4 kWhkg-1) than that 
any other liquid hydrocarbons (13.1 kWhkg-1) fuels during its combustion on a mass 
basis. It is also assumed that the hydrogen have the chances of replacing the present 
existing fossil fuels in very recent years, hence it is also considered as “Fuel of the 
future”. 
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However, it must be stressed that hydrogen is not an energy source but an energy 
carrier. Use of hydrogen as an energy carrier could address concerns about energy 
security, global climate change and air quality. 
Table 1.1. Heat energy content and CO2 emissions from fossil fuels [6]. 
Fuel H/C ratio Energy 
(kJ/g) 
CO2 released 
(mol/103kJ) 
Hydrogen - 120 - 
Natural gas 4/1 51.6 1.2 
Petroleum 2/1 43.6 1.6 
Coal 1/1 39.3 2.0 
Ethanol 3/1 27.3 1.6 
 
1.2 Hydrogen 
1.2.1 Industrial applications 
Currently, hydrogen is used mainly as an important raw material for the food, 
chemical and oil refining industries. Both refineries and chemical companies use H2 for the 
production of commodities, fine and specialty chemicals, such as ammonia, toluene, diamine, 
hydrogen peroxide, pharmaceuticals, methanol and higher alcohols production. Ammonia 
synthesis plants utilises the 48% of the world's consumption of H2 to reduce N2 to NH3 [7]. 
Second major consumer of H2 is oil refineries for hydro treatment processes (37% including 
co-production). There is a fast growing need for more hydrogen production capacities in 
refineries because new legislation for diesel and gasoline requires the sulphur content should 
be kept between 10-50 ppm [8]. In the hydro processing, hydrogen is used to remove the 
sulfur and nitrogen compounds in the form of H2S and NH3. In addition to the sulphur 
removal there is a growing interest to remove aromatics which will demand even more 
hydrogen production in future. Moreover, hydrogen is utilised for the production of many 
petrochemicals mainly methanol (around 8%). Hydrogen also used for the synthesis of 
butyraldehyde, acetic acid, butanediol tetrahydrofuran, hexamethylene diamine and 
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cyclohexane etc. During the synthesis of polypropylene, hydrogen is used to control the 
molecular weight of the polymer. Recent most potential application of hydrogen is its usage 
in plastic recycling. The process of recycling involves melting of the plastics and the obtained 
molten plastics are hydrogenated to crack. Cracking of the plastic produces the lighter 
molecules which can again be reused to produce polymers. In addition, H2 is also widely used 
in steel industry for the annealing of steels and also in electronics for the production of 
devices. In food processing industries hydrogen is used for the hydrogenation of unsaturated 
fats and oils. 
 
Figure 1.2: (A) Industrial consumers of hydrogen and (B) Sector-wise global usage of 
hydrogen [6]. 
 
1.2.2 On-site power generation: Fuel cells 
Two of the most important current or potential uses of H2 are as a fuel in fuel cells 
and as a fuel in internal combustion engines used in transport [9]. Fuel cells are high 
efficiency small scale power generation systems which mainly utilize hydrogen rich fuel and 
an oxidant (oxygen) to produce electricity. The produced electricity can be used for both 
stationary and mobile applications. Presently fuel cell technologies are well established and 
have been shown to be able to achieve energy efficiency of more than 60%. Hydrogen based 
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fuel cells are the key to future technology in the energy sector because of their high 
efficiency, reliability and simple structure [10].  
Many automotive industries are recently focused on the development of powered 
transport by making use of fuel cell systems. The major objective is to develop a ‘‘zero 
emission’’ fuel cell vehicle with ecofriendly water as a by-product. Significant investments 
have been allocated to drive the technology towards commercialization because it is 
considered as a potential technology to compete with internal combustion engines. Recent 
developments showed that fuel cell vehicles exhibit higher energy efficiencies than 
conventional vehicles, without changing the performances. 
 
1.3 Hydrogen production technologies 
Hydrogen is chemically very reactive and it is not found in its elemental state on the 
earth.  Hydrogen can be produced from diversified sources such as fossil fuels, biomass, and 
water (including some industrial waste chemicals) which makes hydrogen as an attractive and 
desirable alternative fuel. It was estimated that more than 100 times of the present hydrogen 
production (3x1015 g) will be required per year if hydrogen was to replace the use of fossil 
fuels [11]. Figure 1.3 indicates the global statistics of hydrogen consumption, it demonstrate 
that 48% of hydrogen is produced from natural gas (NG), about 30% of hydrogen is produced 
from petroleum, and 18% is supplied from coal, while around 4% is produced from 
renewable sources such as water, biomass and water with input from renewable energy 
sources (e.g. sunlight, wind, wave or hydro-power) [12]. A variety of process technologies 
have been explored for hydrogen production including chemical, biological, electrolytic, 
photolytic and thermo-chemical. All these technologies are in a different stage of 
development and each offers unique opportunities, benefits and challenges.  
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Figure 1.3: (A) Global hydrogen production by sources [13].  
 
1.3.1 Hydrogen production from Carbon feed stocks (fossil fuels and biomass) 
Hydrogen can be produced from carbon containing feed stocks such as natural gas, 
coal or biomass by converting molecules containing hydrogen atoms into molecular 
hydrogen. Among all the sources, natural gas is considered as the most economically viable 
source owing to its large availability, ease of handling and high hydrogen-to-carbon ratio 
[13]. Natural gas is presently the third largest global energy source and it is a clean energy 
source compared to other fossil fuels. Therefore the consumption of natural gas continues to 
grow and its consumption is projected to rise by as much as 3.4% per year to 2030 [14]. 
Investment in natural gas continues to grow due to its availability, versatility and its clean 
combustion nature compared to coal and crude oil. Based on recent data published by the 
International Energy Agency (IEA), the Earth contains 780,000 billion cubic metres of 
natural gas – which is proposed to be enough to satisfy energy needs for another 217 years. 
Australia also contains large (3800 bcf) natural gas resources and it was the biggest LNG 
exporter in 2015 [15].  
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1.3.1.1 Hydrogen production from natural gas 
1.3.1.1.1 Steam reforming of natural gas 
Steam reforming is currently the most widely used process for the production of 
hydrogen. It is an endothermic process whereby the mixture of H2 and CO (synthesis gas) is 
produced from methane and water vapour (1.1). The process is typically carried out over a 
nickel-based catalyst at temperatures of 700 to 850 °C and pressures of 3 to 25 bar. The 
product gas contains approximately 12 % CO, which can be further converted to CO2 and H2 
through the water-gas shift reaction (1.2). Hydrogen produced in this method is required 
further purification in order to use in the manufacture of fertilizers and chemicals and to up-
grade the quality of petroleum products. 
CH4 + H2O  CO + 3H2   ∆H298K = + 206kJ/mol……. (1.1) 
CO + H2O   CO2 + H2   ∆H298K = - 41kJ/mol……….  (1.2) 
 
1.3.1.1.2 Partial oxidation of natural gas 
Partial oxidation of methane is the process whereby methane reacts with oxygen 
(partial combustion) to produce CO and H2 (1.3). The produced carbon monoxide can be 
further converted to H2 (in the presence of H2O) as described in equation (1.2). In general, 
high purity oxygen is used to enhance the process efficiency. Compact reactor designing is 
the advantage of the process since heat is liberated during the reaction. An advantage 
associated with the partial oxidation of methane is the ability to use more flexible feedstocks 
(light hydrocarbons, heavy oils and hydrocarbon solids etc). Moreover, external heating of 
the reactor is not required because of the exothermic nature of the reaction. A partial 
oxidation reactor is less expensive than a steam reformer; however the downside of the 
process is the higher capital investments for installing the oxygen plant and desulfurization 
process (which are inevitable).   
CH4 + 1/2O2  CO + 2H2,    ∆H298K = - 36kJ/mol ……….. (1.3) 
   Chapter I                                                                                                      Introduction & Literature review                                     
9 | P a g e  
 
 
1.3.1.1.3 Autothermal reforming 
Auto thermal reforming is a combination of non-catalytic partial oxidation of methane 
(1.3) using a flame and subsequent steam / CO2 reforming of unreacted methane (1.1). The 
outlet gas stream which is generally 950 to 1100 °C, with a high pressure of 100 bar, can be 
further passed through a water-gas shift reactor (1.2) to convert H2O  to H2. The heat released 
from the exothermic partial oxidation reaction is utilized in the endothermic steam reforming 
reaction. A challenging task in this process is the heat balance and temperature matching 
between the two reactions, which have to be controlled strictly by careful thermal integration. 
The need to purify the product gases leads to significantly increased plant costs and reduces 
the total efficiency. 
 
1.3.1.1.4 Thermal Decomposition of Methane (TDM) 
The methane is very stable molecule with a high C-H bond energy of 439 kJ/mol and 
hence it has a very low reactivity. Its strong tetrahedral C-H bonds offer no functional group, 
magnetic moments or polar distribution and as a result methane is resistant to many reactants. 
This makes methane less reactive than nearly all of its conversion products.  
CH4     C    +  2H2;  H298K  = +74.9 kJ/mol      . .     . (1.4) 
Due to absence of oxidants, no carbon oxides formation can be expected in this reaction. The 
main advantages of this approach in relation to production of hydrogen, it is single step; with 
no need for gas conditioning stages required in the conventional technologies. Thermal 
decomposition of methane (without catalyst) requires quite a high temperature (1200-1700 
C) in order to obtain a reasonable good hydrogen yield. Supported metal catalysts can 
catalyze the methane decomposition even at moderate temperatures, since then catalytic 
decomposition of methane has received more attention over recent years. Major challenges 
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are catalyst deactivation and reactor design. As this is the focal point of this thesis, a detailed 
discussion is given in the proceeding sections. 
 
1.3.1.2 Production from coal 
Hydrogen production from coal can be achieved by a different gasification processes 
including fluidised bed, fixed bed and entrained flow reactors. Practically, high-temperature 
entrained flow processes have been showed favourable with higher carbon conversions, 
minimising the formation of char, tars and phenols. Equation 1.4, indicates the conversion of 
carbon to carbon monoxide and hydrogen.  
C(s) + H2O  CO + H2;  H298K  = +132 kJ/mol.......... (1.4) 
Since this is an endothermic reaction, more heat is required for the H2 formation. 
Additional H2 can be achieved through water gas shift reaction, as mentioned in equation 
(1.2). Production of hydrogen from coal is more complex than the hydrogen production from 
natural gas. Although this is a commercially mature process, the resulting hydrogen cost is 
higher.  
 
1.3.1.3 Production from biomass 
Similar to coal gasification process, hydrogen-containing gas is produced from the 
biomass conversion processes, as shown in equation (1.4). Currently, many gasification 
pathways such as steam gasification (direct or indirect), entrained flow gasification, 
gasification in supercritical water are in R&D stage. Moreover advanced processes such as 
thermo-chemical cycle application and the utilisation of intermediates (e.g. bio-oil, ethanol, 
torrified wood etc) are achieved significant results. However, all these processes were found 
to be difficult to scale up or to establish a commercial plant. Generally, biomass gasification 
can be used for both H2 and biofuels production. Gasification and pyrolysis are assumed to be 
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future technologies to commercialise in medium-term of H2 production from biomass. The 
disadvantages of biomass feed stocks are the inconsistent quality and/or poor quality control. 
To make the bio mass as potential sources for the hydrogen production it needs further study 
and research. 
 
1.3.2 Hydrogen production from water splitting  
Water can produce hydrogen by various water splitting processes, which mainly 
include electrolysis, high-temperature water decomposition, photo-electrolysis, photo-
biological process. 
 
1.3.2.1 Water electrolysis 
In water electrolysis method, hydrogen can be produced by splitting the water into 
hydrogen and oxygen using electrical energy (equation 1.5). Currently electrolysis is more 
expensive than the other commercial hydrogen production technologies. The main challenges 
that need to be overcome to reduce the cost of produced hydrogen via electrolysis of water 
include:  
- Utilisation of renewable power generation (low cost electricity) in electrolysis 
- Increasing the efficiency of the electrolysers 
H2O + electrical energy  H2 + 1/2O2…….. (1.5) 
 
1.3.2.2 Alkaline electrolysis 
Alkaline electrolysers typically composed of a series of electrolytic cells with an 
electrolyte. In general an aqueous alkaline solution (30wt% KOH or NaOH) used as an 
electrolyte. It is a matured technology and can maintain the operating pressures up to 25 bar. 
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The advantage is that it can be used for stationary applications because it has the significant 
record in industrial applications [16]. The following reactions can occur inside the cell: 
Electrolyte: 4H2O  4H+ + 4OH– ……  (1.6) 
Cathode: 4 H+ + 4e–  2H2 ……   (1.7) 
Anode: 4OH–  O2- + 2H2O + 4e–….  (1.8) 
Sum: 2H2O  O2 + 2H2 ……..   (1.9) 
Commercial electrolysers are highly efficient because they comprise of a number of 
electrolytic cells. The main challenge is to design and develop the low cost electrolyser 
equipment with higher energy efficiency and larger turn-down ratios. 
 
1.3.2.3 Polymer electrolyte membrane (PEM) electrolysis 
The principle involved in the PEM electrolysis is represented in equations (1.10) and 
(1.11). Generally acidic polymer membrane is used as an electrolyte in PEM. PEM 
electrolysers are suitable for both stationary and mobile applications and these can be 
operated up to several hundred bar. The major downside of this technology is the limited 
lifetime of the membranes. However the benefits associated with PEM compared to alkaline 
electrolysers are given below 
➢ Increased safety due to absence of electrolytes 
➢ The larger turndown ratio [17] 
➢ A more simplified design with higher operating pressures. 
anode: H2O 1/2O2 + 2 H+ + 2e– ….. (1.10) 
cathode: 2H+ + 2e–  H2…..    (1.11) 
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1.3.2.4 High-temperature electrolysis (HTE) 
The main idea of HTE is adopted from the technology of high-temperature fuel cells. 
High temperatures water electrolysis (1000 °C) require less electrical energy than water 
electrolysis at low temperatures (100 °C) as a consequence of more favourable 
electrochemical and thermodynamic conditions. Solid oxide electrolyser cell (SOEC) has 
been considered as potential technology for HTE. As mentioned earlier, this electrolyser is 
mainly uses the solid oxide fuel cell (SOFC), which generally operates at 700 - 1000 °C. At 
these temperatures, fuel cell reaction and the electrode reactions are more easily reversible. 
Attempts are in progress presently to develop systems in such a way that minimising the 
electricity consumption by replacing with the natural energy sources such as natural gas, solar 
and geothermal. In addition to the major challenges for SOFCs, more focus needs for SOECs 
are mainly on development of ceramics materials to regulate the thermo-mechanical stress. 
 
1.3.2.5 Photo-electrolysis (photolysis) 
Photo electrolysis of water is the process where water can be split directly into 
hydrogen and oxygen in presence of light. Photo electrolysis utilises sunlight to decompose 
water with the semiconductor materials similar to photovoltaic (PV) systems. It can be 
considered as an advanced version of PV-electrolysis system as it is a combination of PV 
systems and electrolysers. It is a flexible and also commercialised technology. The major 
advantage of this technology is that both electricity and hydrogen are outputs in a single 
process. As it is combination of both the processes in a single apparatus, it can reduce the 
cost of resultant hydrogen significantly. There is however a need for further research on 
various aspects of the semiconductor materials used in photovoltaic cells, such as their 
susceptibility to corrosion. 
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1.3.2.6 High-temperature decomposition of water 
Water decomposition generally occurs between 2500-3000 °C. At this temperature, 
only around 10% of water splitting can occur and the remaining 90% of water can be 
recycled. To lower the temperatures, various chemical reagents are proposed but they require 
higher pressures. Around more than 300 water splitting cycles have been developed so far 
[18]. The main technical issues are related to the development for corrosion resistance 
materials at high temperatures and high pressures and lower thermal process efficiencies. 
Moreover, design and safety aspects associated with high temperature make this process less 
viable. 
Table 1.2: Production and efficiency of various hydrogen production processes.  
Process Energy Required Technological   
status 
Efficiency 
   (%) 
Cost relative 
  to SRM Ideal Practical 
Steam Reforming of Methane 0.78 2-2.5 Commercial 70-80 1 
Partial oxidation of methane       - - Commercial 60-75 <1 
Autothermal reforming - - Near term 60-75 <1 
Methane decomposition - - Pilot Plant stage 54-72 0.9 
H2S methane reforming 1.5 - R & D stage 50 <1 
Landfill gas dry reforming - - R & D stage 45-58 ~ 1 
Partial oxidation of heavy oils 0.94 4.9 Commercial 70 1.8 
Steam reforming of waste oil - - R & D stage 75 <1 
Coal gasification 1.01 8.6 Commercial 60 1.4-2.6 
Partial oxidation of coal - - Commercial 55 - 
Solar and PV electrolysis of 
water 
- - Pilot plant stage 10 73 
High temperature electrolysis of 
water 
- - R & D stage 48 2.2 
Thermo-chemical water splitting - - R & D stage 35-45 6 
Biomass gasification - - R & D stage 45-50 2.0-2.4 
Photolysis of water - - R & D stage <10 - 
 
1.4 Summary of hydrogen production technologies 
Table 1.2 shows the various H2 production technologies with their efficiencies. 
Among the various aforementioned technologies, hydrogen production from natural gas 
reforming technologies is reliable in the near-to medium term future. As mentioned earlier 
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the most developed and most used technologies for producing hydrogen are reforming 
technologies (steam reforming, partial oxidation (POX), and autothermal reforming (ATR) of 
natural gas). These reforming processes however have significant downsides such as the 
presence of COx emissions along with the H2 stream. To obtain COx free hydrogen from these 
technologies several catalytic reaction steps, carbon capture and sequestration (CCS) 
technologies and high pressure swing adsorption techniques (PSA) are required. However, 
CCS technologies are not matured and still in intensive laboratory research and therefore the 
implementation is a time-consuming process. Moreover, the resultant H2 obtained from 
aforementioned reforming technologies even after purification (utilisation of CCS 
technologies and PSA units) contains small traces of CO along with the hydrogen. Presence 
of small quantities of CO (>10ppmv), poisons the Pt electrode in low temperature proton 
exchange membrane fuel cells (PEMFC) and presence of CO2 in ppm level harmful to 
alkaline fuel cells (AFC) [19]. To meet the demands, it is desirable to combine the 
aforementioned technologies to the reforming process; however the cost of the resulting 
hydrogen is much higher. Table 1.3 summarizes the advantages and challenges of each of 
these processes.  
Table 1.3: Advantages and disadvantages of methane reforming technologies [18]. 
Technology Advantages Disadvantages 
Steam 
reforming 
❖ Well matured and industrially 
importance 
❖ No need for Oxygen  
❖ Lowest process temperature 
(700- 850 °C) 
❖ Highest H2/CO ratio  
❖ More CO2 emissions 
❖ (13.7 kg CO2/kg H2) 
❖ Usage of water-gas shift reactors   
Autothermal 
reforming 
❖ Lower process temperature than 
POX 
❖ Low methane slip 
❖ Limited commercial experience 
❖ Requires air or oxygen 
❖ Usage of water-gas shift reactors 
Partial 
oxidaiton 
❖ Decreased desulfurization 
requirement 
❖ No catalyst required 
❖ Low methane slip 
❖ Low H2/CO ratio 
❖ Very high processing 
temperatures 
❖ Soot formation/handling adds 
process complexity 
❖ Usage of water-gas shift reactors 
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In order to obtain pure hydrogen, water electrolysis methods have been developed 
however all of these technologies are economically inferior to the methane reforming 
technologies. Hence there is significant interest in the development of improved processes for 
producing hydrogen (using either fossil fuel and/or renewable feed stocks). Of the various 
technologies that can be used to produce COx free hydrogen, the catalytic decomposition of 
methane (CDM) [20-23] is a more feasible process over other reforming technologies when 
producing hydrogen for power generation by fuel cells.   
 
1.5 Description of the CDM process 
The process of thermal catalytic decomposition of methane uses a catalyst and 
reaction being endothermic, needs an external heat source. Methane is cracked over the 
catalyst in a single step according to the following reaction:  
                               CH4     C    +  2H2;  H298K  = +74.9 kJ/mol      . .     . (1.14) 
CDM reaction is an endothermic process hence higher reaction temperatures are 
required [24]. The importance of catalytic cracking of natural gas is that the feed stock 
blended with any gaseous or liquid fuel, e.g., propane, butane, liquefied petroleum gas (LPG), 
gasoline, diesel fuel etc [25]. However, our particular interest is the methane catalytic 
cracking because of high availability of natural gas and more economic feasibility of the 
process.  
CDM can be considered as high efficiency energy conversion system, because the 
produced pure H2 can be utilised in PEMFCs and the by-product carbon nano materials can 
be used in direct carbon fuel cells (DCFC) [24]. Moreover, the practical recognition of the 
process faces several technical challenges. In particular, rapid deactivation of the catalysts 
due to surface coking and difficulty of separating carbon from metal catalyst particles are the 
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main two problems with the use of metal-based catalysts. Development of long sustainable 
catalysts with high carbon capacity is needed for the commercialisation of the process. 
 
Figure 1.4: An integrated schematic diagram of CDM process. 
Moreover, the CDM product stream contains the mixture of methane and hydrogen 
(hythane) only. Hythane has been considered as the viable alternative fuel to gasoline because 
it is highly combustible and environmentally benign mixture fuel than the individual methane 
and hydrogen [26]. Various matured technologies have however been developed for the 
separation of methane and hydrogen. These technologies include pressure swing adsorption 
(PSA), cryogenic (liquefaction) processes and membrane separation processes are known as 
efficient technologies for the separation of hydrogen from methane. However, of the 
aforementioned technologies, membrane separation is much simpler and efficient (volume 
(99%) separations can be achieved) [27].  
 
1.6 Potential advantages of CDM over steam reforming of methane 
1.6.1 Value of the process 
The aforementioned advantage is significant as the separation of CO2 from the stream 
generated in SRM is a costly process. Separation of CO2 from the H2 stream requires costlier 
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and complex (pre-combustion CO2 capture based pressure swing adsorption (PSA)) 
technologies, which reduce the process efficiency of SRM.  Absence of steam generation and 
gas conditioning stages (which require high energy) makes CDM more simple and 
economical. The energy requirement per mole of hydrogen produced in CDM (37.8 kJ/mol 
H2) is somewhat less than the other SRM process (63.3 kJ/mol H2).  
Another potential advantage of CDM over SRM is the CDM requires the lower 
operating temperature (< 600 °C). In general lower reaction temperatures lead to lower 
capital and maintenance costs. Furthermore, carbon capture in solid form (instead of gasses 
CO2) in CDM prevents the risks related to the transportation and storage whereas in SRM, 
handling of gasses such as CO2 involves the leakage and migration in sediments, which could 
seriously damage the environment and human beings [28].  
 
1.6.2 Value of the by-products 
In addition to hydrogen as a major product, the process produces a very important by-
product in huge amounts, i.e., clean carbon in the form of carbon nanotubes/carbon 
nanofibers (three tons of carbon for every ton of H2). Many studies stated that utilization of 
carbon is a crucial factor for the economic feasibility of CDM [29-31]. The carbon is usually 
in a nano-structured form and is having many industrial applications which can be securely 
stored in an environmentally safe manner until finding sufficient potential marketing. Now a 
days there is a large demand for carbon materials (thousands of millions tons of carbon) in 
the areas such as building and construction, power generation from carbon fuel cells and also 
in soil amendment.  Mostly multiwalled CNTs are formed when Ni based catalysts are used 
as catalysts at 600 °C. The price of multiwalled carbon nanotubes (MWCNT) depends on the 
diameter of the tubes and the purity level. The MWCNTs with a research grade quality have a 
price of 0.6–10 $/ g. The price of industrial grade MWCNTs is 380 $/tonne (diameter 10–30 
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nm) and 200–400 $/tonne (diameter 20–40 nm). The industrial grade MWCNT products have 
lower purity than the research grade products [32]. Thus, CDM technology plays a significant 
role in transforming the current hydrocarbon-based economy to a hydrogen–carbon economy. 
 
Figure 1.5: Graphical representation of hydrogen–carbon infrastructure concept. Hydrogen 
application areas: (A) transportation, (B) power generation (distributed and/or centralized). 
Carbon application areas: (C) DCFC-based centralized power production, (D) building and 
construction, (E) soil amendment. The dotted line denotes the carbon used for the 
environmentally benign sequestration of CO2 (re produced from [33]). 
 
1.7 Catalytic decomposition of methane – past research and the way forward   
Before discussing the research that has been done on CDM to date, it is important to 
firstly discuss the thermodynamic aspects of this process in detail. 
1.7.1 Thermodynamic aspects of Methane decomposition process 
As mentioned earlier, methane decomposition is an endothermic reaction. The 
standard decomposition enthalpy of the reaction is, 
                     CH4 C(S) + 2H2               Hr = + 74.9 kJ/mol,  T= 298.15 K      (1) 
The maximum methane conversion at a particular temperature can be calculated by 
taking the equilibrium composition of methane and hydrogen at that temperature. Villacampa 
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et al. [34] proposed the Gibbs free energy equation for the thermal decomposition of methane 
(in the absence of a catalyst) as a function of temperature: 
                        ∆𝐺°(T) =  89658.88 − 102.27T − 0.00428𝑇2 − 2499358.99𝑇−1   (2) 
Equation (2) is calculated by assuming the formation of graphitic carbon and therefore it is an 
approximation. The Gibbs free energy can be expressed in terms of the equilibrium constant 
Kp: 
                           ∆𝐺𝑅 =  ∆𝐺
0(𝑇) + 𝑅𝑢𝑇. 𝑙𝑛𝐾𝑝           (3) 
where Ru is the gas constant and T is the reaction temperature (K). In the equilibrium state, 
the Gibbs energy is at a minimum, i.e. ∆GR (T) equals zero. For thermal decomposition of 
methane the equilibrium constant depends on the partial pressures of methane (PCH4,eq) and 
hydrogen (PH2,eq) in the gas mixture as follows: 
𝐾𝑝 (𝑇) =
𝑃𝐻2,𝑒𝑞
2
𝑃𝐶𝐻4,𝑒𝑞
=
(2(𝑃𝐶𝐻4,0−𝑃𝐶𝐻4,𝑒𝑞))
2
𝑃𝐶𝐻4,𝑒𝑞
  = 
4.𝑃𝐶𝐻4,0.𝑎
2
1−𝑎
       (4) 
Where PCH4,0 is the initial partial pressure of methane (atm) and ‘a’ is methane 
conversion. Moreover, it is assumed in Eq. (4) that methane and hydrogen are the only 
gaseous components in the thermal decomposition reaction and the formed carbon is in its 
solid state. Finally Eqs. (2) – (4) were combined to present the methane conversion as a 
function of temperature in the equilibrium state. In practice, this equilibrium curve states the 
maximum methane conversion that can be achieved at a certain temperature when the 
reaction time approaches infinity [32]. Thermodynamic equilibrium analysis revealed that the 
equilibrium methane conversion increases with increase in conversion and almost complete 
conversion can be achieved at the temperature of 1000 °C. 
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Figure 1.6: The equilibrium conversion of methane against the reaction temperature for 
CDM; Initial composition of the reaction mixture and the pressure are 100% CH4 and 1 bar, 
respectively [35]. 
 
1.7.2 State of-the-art catalytic decomposition of methane 
As discussed earlier (section 1.3.1.4) catalytic decomposition of methane involves 
pure hydrogen production at moderate temperatures. However the process is not 
commercialized because of some challenges to be addressed. To improve the methane 
catalytic cracking economics, the main aspects of this process that have been investigated 
over the last two decades include: catalyst type (activity, stability, ease of regeneration), 
reactor design and process parameter optimization. Of the aforementioned, catalyst 
development is a critical and major challenge for CDM. The proceeding sections discuss 
research that has been done to date on CDM. 
1.7.2.1 Type of reactor 
Most of the CDM research has focused on the use of fixed and fluidized-bed reactors 
[36-38]. Fixed bed reactors have been most studied for laboratory research of CDM. 
However, fluidized and moving bed reactors have showed the most promising results in large 
scale production because of their ability to handle small particles such as CNTs. 
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1.7.2.2 Catalyst technology 
1.7.2.2.1 Active metal  
This section discusses the different types of catalysts that have been tested for CDM. 
There has been a significant amount of research carried out on methane decomposition over 
supported, unsupported and mixed metal oxide systems. There are reports on supported 
systems with active metal components such as Ni [34, 39-83] , Fe [40-42, 82, 84-87], Co [40-
42, 88-94], Cu [44, 95], Pd [40-43, 96], Ru [39, 42], Rh [40-43, 97], Ir [39, 42, 97], Pt [39, 
97], Ag [40] and Os [42]. It is also reported that unsupported systems such as Ni gauge [98], 
bulk NiO [99] and molten Mg [100] have also shown activity for catalyzing decomposition of 
methane. A number of the aforementioned materials were active for CDM, however most are 
not stable (from a commercial development perspective) hence the main focus of CDM 
research in recent years has been the development of catalysts with improved stability. Of the 
most active (and reasonably stable) materials that have discovered to date was the iron group 
metals, received major consideration because of their availability and low cost [61, 101]. The 
high activity of Fe, Co and Ni based for CDM is attributed to these elements having partially 
filled 3d orbitals, which partially accept the electrons from the hydrocarbon molecules and 
also change the electronic structure of hydrocarbon molecules by back donation from the 
metal to unoccupied orbitals of the adsorbed molecules [102]. With regards to the role of the 
support for CDM using iron group metals, Echegoyen et al. [103] found that generally low 
metal (Fe, Co, Ni) support interactions lead to higher methane conversions. It has also been 
found that catalytic deactivation during the CDM process is mainly because of the substantial 
carbon deposition over the catalyst with time [62]. Deactivation of CDM catalysts is a major 
challenge, which can be potentially overcome by development of improved catalysts. Some 
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of the CDM research that has been conducted using Ni, Co and Fe based catalysts is 
discussed in the following paragraphs. 
Fe based catalysts 
As stated earlier Fe-based catalysts are very attractive due to their low cost however 
they do have lower activity for CDM than Ni and Co based catalysts at lower temperature 
(<600 C) [93-95]. They do however have reasonable activity at higher temperature (700-1000 
°C). For Fe based catalysts the fluidity phenomenon of Fe can occur above 1000 °C. It has 
been reported that liquid state Fe particles saturated with carbon (generated in situ) are the 
catalytically active species [104]. At such temperatures however deactivation generally 
occurs quite readily. Ermakova et al studied the CDM activity over a Fe at higher loadings 
catalyst (90 wt% Fe over silica) at 550 °C and 700 °C respectively where they achieved a 
carbon yield of 30 gC/gFe at 700 C [82]. Takenaka et al performed the CDM activity over 
Fe/Al2O3 and Fe/SiO2 catalysts (7-77 wt% of Fe) at 800 °C. They achieved higher carbon 
yields for 38% Fe/Al2O3 (22.5 gC/gFe) compared to 38% Fe/SiO2 (7.5 gC/gFe) catalyst [84]. 
In addition to investigating carbon yield/methane conversion a number of researchers have 
also investigated the type of carbon generated in CDM. Zarabadi-Poor et al. [105] reported 
that good quality MWCNT (1-2 µm length and 40-60 nm diameter)  were generated under the 
following conditions: 0.02Fe/Al2O3 (mole) catalyst, 1000 °C, 60 mins of reaction time. They 
also [105] reported that at higher Fe loadings (0.1Fe/Al2O3), formation of carbon nano 
ribbons rather than carbon nano tubes occurred. As Fe-based catalysts produce invaluable 
thin wall CNTs as a by-product of CDM [106] there has been a significant amount of 
research done for the carbon nano tubes production over Fe-based catalysts [107, 108].  
Co based catalysts 
Co based catalysts have received less attention than Fe and Ni catalysts due to their 
higher cost and higher toxicity of cobalt precursors. Moreover, the lower activity of Co based 
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catalysts compared to Ni based catalysts have resulted in fewer studies. Avdeeva et al. [109] 
studied the catalytic performance of a Co-based catalyst  prepared by co-precipitation in the 
temperature range of 748–873 K and reported that 60–75 wt.% Co supported on Al2O3 
showed similar catalytic performance to a 90% Ni –based catalyst at 773 K. Chen et al. [110] 
examined the catalytic activities of Ni, Fe and Co over Al2O3 supports and they found that 
catalytic activities are in the order of Ni>Co>Fe under the following conditions (T=750 °C, 
0.1g catalyst). Very recently Pudukudy et al did comparative studies of Ni, Co and Fe (50 
wt%) supported on sol-gel derived SiO2 microflakes at 800 °C. They observed that the Ni 
based catalyst showed higher initial conversions of 80% H2 yield, this catalyst however 
deactivated to ~40% H2 yield after 300 minutes time on stream, whilst the Co based catalyst 
showed  stable H2 yields of ~45 % over 300 min  time on stream [111]. 
Ni based catalysts 
Nickel based catalysts have been the most widely studied as catalysts for CDM 
because of their higher activity and moderate stability among the other the iron group metals 
[86] (Figure 1.7). Generally speaking unsupported Ni systems have showed lower activity 
than the supported catalyst systems.  
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Figure 1.7: Graphical representation of the CDM catalysts (literature data) with preferred 
temperature range [33].  
 
1.7.2.2.2 Supported Ni catalysts for CDM reaction 
Both active metal and support have been shown to have a significant role in CDM 
[112]. A wide range of supports for Ni have been investigated for the CDM process (oxide 
supports include: SiO2, Al2O3, TiO2, CeO2, MgO, ZrO2, Cr2O3, La2O3, BaO and CaO [39, 45, 
49, 60, 73, 87], carbon supports such as carbon nanotubes, nanofibers and activated carbons 
[72,118] zeolites [52, 113, 114]. 
Takenaka et al. [115] studied the CDM activities using 5wt%Ni supported on TiO2, 
MgO, Al2O3, ZrO2, SiO2, SiO2/Al2O3, MgO/SiO2, and graphite. They found that the 
5wt%Ni/SiO2 and 5wt%Ni/TiO2 exhibited high carbon yields of 199 and 138 gC/gNi 
respectively at 500 °C (the least active catalyst were  Ni/MgO and Ni/MgO/SiO2 which gave 
carbon yields of 1gC/gNi and 2.5 gC/gNi respectively). They found that equivalent surface 
area (250 m2/g) of the support and weak metal support interactions of SiO2 (compared to 
aforementioned supports) are the reasons for the higher carbon yields. Li et al [116] studied 
the methane decomposition activity of a Ni/Al2O3 [9Ni-1Al (mole ratio)] catalyst prepared by 
co-precipitation from hydrotalcite-like precursors. They studied the aforementioned catalyst 
at 500 °C with a feed composition of 60 vol % methane and 40 vol % nitrogen (total flow rate 
is 68 mL/min and catalyst weight is 0.1g). Li et al reported that the nano sized Ni particles are 
formed and achieved the carbon yields of 244 gC/gNi for this Ni/Al2O3 catalyst.  
Promising results obtained using Ni/SiO2 and Ni/Al2O3 catalysts led to researchers 
investigating CDM over a mixture of supports (Ni-Al2O3-SiO2) [117, 118]. Ashok et al 
reported that a 4Ni-0.5Al2O3-1.5SiO2 catalyst prepared by co-precipitation gave higher 
carbon yields (180 gC/gNi) at 550 °C than a 4Ni-2SiO2 (50 gC/gNi) and a 4Ni-2Al2O3 (76 
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gC/gNi) catalyst under similar reaction conditions. Along with SiO2 and Al2O3 supported 
catalysts, MgO has also been studied as MgO supported catalysts can lead to the formation of 
high quality carbons (SWCNT and DWCNT) [119]. It has also been shown that these carbons 
can be easily removed without damaging the carbon structure. Of the many other supports 
that been investigated, La2O3 has received reasonable interest. La2O3 has received interest as 
both a support and as a precursor to prepared Ni based perovskites [120, 121]. Venugopal et 
al [61] studied the CDM activity on Ni/SiO2 catalysts by varying the Ni loadings (5-90 wt%). 
They achieved the highest carbon yields (303 gC/gNi) for 30 wt% Ni/SiO2 catalyst at 600 °C. 
Ermakova et al. [46, 47] investigated Ni catalysed CDM using SiO2, Al2O3, MgO, TiO2 and 
ZrO2 supports in a vibrating flow reactor at 550 °C and they reported that the  90 wt% 
Ni/SiO2 gave a carbon yield of 375 gC/gNi. They also reported that among all the 
aforementioned supports, SiO2 with pores stabilised the Ni particles sustained with longer life 
time of the catalysts. In the same studies, they also showed the effect of calcination 
temperature in controlling the activity of the catalyst. They observed that 90wt% Ni-
10wt%SiO2 catalyst prepared by calcination at 700 °C (which produced an average NiO 
crystallite size of 10-40 nm) showed a maximum carbon yield of 384 gC/gNi at a reaction 
temperature of 500 C. Takenaka et al. studied CDM over a silica support with different Ni 
loadings. They achieved the higher carbon yields of 491gC/gNi during methane 
decomposition at 500 °C with a 40 wt % Ni/SiO2 catalyst.  Takenaka proposed that the high 
activity of the aforementioned catalyst was mostly due to the 60-100 nm Ni particles size 
favoured the formation of longer cabon nano fibers with longer life. The use of higher 
reaction temperatures (700 °C) with Takenaka et al led to lower hydrogen yields [55, 57] – 
this was most likely due to the high rate of deactivation at higher temperature. Several other 
research groups have also reported that catalytic performance in methane decomposition is 
significantly influenced by the crystallite size of the Ni particles [61, 73, 122]. 
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Zeolites and highly porous silica materials such as H-ZSM-5, HY, MCM-41, SBA-15 
have received recent attention as supports for CDM catalysts. Most of the research in this 
area has focussed on SBA-15 [113] and Zeolites such as HY [52, 114], USY [123] and 
HZSM-5 [40, 96]. Inaba et al. [123] studied the effect of different kinds of zeolites supports 
(USY, H-ZSM-5, H-Mordinite, H-ZSM-5, H-β and SiO2 (cab-O-Sil)) for 10wt%Ni based 
CDM catalysts at 650 °C and observed that Ni/USY catalyst exhibited a longer catalytic 
lifetime compared to the other aforementioned zeolite supports. They mentioned that small 
size of the Ni particles (10-30 nm) and less acidity and larger surface area of the H-Y zeolite 
support led to the longer life of the catalyst. 
Ashok et al. [113] studied CDM over 30wt%Ni supported on HY, USY, SiO2 and 
SBA-15 at 550 C. They reported that the Ni/HY catalyst showed highest catalytic activity 
compared to the other catalysts tested with the following order of the carbon yields: HY > 
USY > SiO2 > SBA-15 [113]. They also studied the effect of Ni loading on HY and reported 
that the highest carbon yield (250 gC/gNi) was obtained for 20wt%Ni loading at 550 °C 
[124]. Jifei Jia et al. [125] investigated a 4.8wt%Ni/MCM-41 catalyst for CDM at diiferent 
temperatures of 500 °C and 600 °C. They observed that the catalyst was rapidly deactivated 
with more graphitic carbon formation. They discussed that the carbon nano fibers (CNF) 
formation was observed at 500 °C and formation of tubes (CNT) were observed at 600 °C. 
Very recently Anjaneyulu et al studied the CDM activities over different Ni loadings on H-
ZSM-5 (Si/Al =150) catalyst at 550 C and GHSV of 90 lit h-1 (gcat)-1. They reported that at 
20wt%Ni loading has higher Ni dispersion and achieved the highest carbon yields of 675 
gC/gNi [126]. From these reported results, it can be summarised that zeolites and porous 
materials are the best support materials for Ni in methane decomposition compared to the 
conventional SiO2 and Al2O3 supports.  
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1.7.2.2.3 Alloying effect to Ni 
Although Ni supported catalysts have been shown to have high activity, their practical 
usage is still a challenge because of their rapid deactivation. One of the approaches that have 
been explored to improve the stability of Ni based catalysts has involved the use of Ni in the 
form of alloys. [56]. Ni alloy materials that have been investigated i.e. Ni + M (M = Cu [103, 
127-140], Zn [122], Mo [141, 142], Fe [87], Pd [87], Co [94], Au [141, 142],) systems.  Chen 
et al. [122] investigated the doping effect of ZnO into a Ni–Al2O3 catalyst prepared by co-
precipitation. In their studies a 75Ni-25Al (atomic ratio) catalyst gave 88gC/gNi at 500 °C 
(flow rate of 68 mL/min and catalyst weight - 0.1g), whilst a 50Ni-25Zn-25Al2O3 catalyst 
showed higher carbon yields of 165gC/gNi at similar operating conditions. Chen et al 
observed that the presence of ZnO delayed the formation of a quasi-liquid state of the 
metallic Ni particles and this led to enhanced activity and stability. Gonzalez et al. [143] 
studied the CDM reaction over Ce-promoted 30wt% Ni/SiO2 and reported that the addition of 
Ce led to increased stability - in the aforementioned study the mono metallic Ni/SiO2 catalyst 
deactivated completely after 20 h at 580 °C, whereas the Ce doped Ni/ SiO2 catalyst showed 
higher initial methane conversions (50%) and maintained its stability even after 150 h of 
reaction time. Gonzalez et al reported that the presence of CeO2 significantly increased the 
dispersion of the Ni particles. Zapata et al. [144] also observed the similar effect of Ce on a 
Ni/SiO2 catalyst. They observed that the addition of Ce not only prevented the sintering of 
nickel particles but also maintained the random distribution of SiO2 and Ni during the 
reduction time. 
  The addition of alkali metal oxides (Na2O and K2O) to Ni based catalysts has been 
reported to have a negative effect on CDM (and methanation reactions) [145, 146]. Zapata et 
al. [144] also observed that the modification of K and Na hinders the graphitic carbon 
formation. Anjaneyulu et al studied the effect of La on Ni-SiO2 and Ni-Al2O3 catalysts 
   Chapter I                                                                                                      Introduction & Literature review                                     
29 | P a g e  
 
prepared by co-precipitation method at 550 °C. They observed that La modified Ni- Al2O3 
displayed improved CDM activity over the Ni-SiO2 and La-modified Ni-SiO2 samples at 550 
°C [83]. Wang et al, reported that addition of Fe to Ni also significantly increased the 
stability and activity of Ni based catalysts at high temperatures (650 C). They reported that a 
2Ni-1Fe-1Al2O3 catalyst prepared by co-precipitaion method exhibited high catalytic activity 
(70% conversion) for CDM and achieved a yield of 562 gC/gNi at 650 °C [147]. Fakeeha et 
al [148] recently reported Ni-Co-Al2O3 catalysts with different loadings by co-precipitation 
and they achieved high activity (70%) and constant stability for 300 min over a 1Ni-1Co-
4Al2O3 catalyst at 700 °C. Ashok et al studied the influence of Cu on a Ni-SiO2 catalyst 
prepared by co-precipitation and achieved high carbon yields of 544 gC/gNi at 650 °C over a 
6Ni-2Cu-2SiO2 catalyst [149]. They also reported that addition of Cu to Ni increased the 
reducibility of the Ni and also favoured the carbon tip-growth mechanism. From these reports 
it is envisaged that many of the bi metallic catalysts showed remarkable activity than their 
mono metallic counter parts. 
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Table 1.4: Performance of Ni supported catalysts for CDM reaction. 
Catalyst Reactor Carbon yield 
(gC/gNi) 
Reacton 
temperature       
(°C) 
Feed Reference 
19.5Ni-80.5SiO2 Multilayer 
reactor 
61.3 500 CH4:N2:Ar-
10:5:85 
[150] 
23Ni-77La2O3 Fixed bed 78.2 700 Pure methane [121] 
50Ni/Ce-MCM-41 Fixed bed 145 580 CH4/Ar-1:1 [151] 
90Ni-10Al (wt%) Vibrating 
flow 
reactor 
161.1 550 Pure methane [127] 
4NiO-0.5Al2O3-1.5SiO2 
(molar) 
Fixed bed 180 550 Pure methane [117] 
10Ni-90SiO2 (wt%) Membrane 
reactor 
200 500 CH4:N2-1:9 [152] 
9N-1Al(Atomic ratio) Fixed bed 244 500 CH4:N2-
0.6:04 (vol) 
[116] 
20Ni/HY Fixed bed 250 550 Pure methane [124] 
15Ni-85CNT (wt%) Vibrating 
flow 
reactor 
224 525 Pure methane [80] 
10Ni-90CFC Vibrating 
flow 
reactor 
229 525 Pure methane [153] 
30Ni-Hydroxyapatite 
(HAP) 
Fixed bed 273.9 650 Pure methane [62] 
30Ni-SiO2(wt%) Fixed bed 303 600 Pure methane [61] 
90Ni-10SiO2 (wt%) Vibrating 
flow 
reactor 
375 550 Pure methane [46] 
2Ni-0.1La-0.9Al (mole) Fixed bed 150 550 Pure methane [83] 
50Ni-25Zn-25Al 
(atomic ratio) 
Fluidised 
bed 
165 500 CH4/N2= 
33:67(vol%) 
[122] 
2Ni-1Fe-1Al Fixed bed 562 650 CH4/Ar = 
28:72 (vol%) 
[147] 
6Ni-2Cu-2SiO2 (mole) Fixed bed 544 650 Pure methane [149] 
20Ni-HZSM-
5(Si/Al=150) 
Fixed bed 
reactor 
675 550 Pure methane [126] 
 
1.7.2.2.4 Regeneration of the catalyst 
  As discussed earlier, even though most research is focused on the development of 
active and stable catalysts, deactivation of the catalyst is inevitable in the CDM process. In 
addition to the blocking of active sites the produced carbon is also responsible for plugging of 
the reactor used. One way to potentially overcome (or reduce the impacts of the 
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aforementioned) is to develop a catalyst(s) that is easily regenerated. This is usually done by 
passing air and/or CO2 or steam over the catalyst to burn off the carbon [49, 154, 155]. 
Oxidative cleaning results in sintering of Ni particles due to excessive liberated heat and 
oxidation of metallic Ni particles to NiO [154]. Steam regeneration was carried out on 
purpose to produce CO2 and H2 instead of CO and H2. CO2 regeneration has shown 
promising results like regain almost similar activity and less CO contamination of the 
produced H2. The disadvantage of CO2 regeneration is that the reaction is highly endothermic 
and/or energy intensive [155]. 
 
 1.8 Catalyst deactivation 
As discussed earlier, coking in CDM is the main reason for catalyst deactivation. To 
design improved catalysts for CDM, it is important to understand the coking mechanism. It 
has been reported that the filamentous, graphitic and polymeric carbons are the three types of 
coke formed during the methane decomposition on supported metal catalysts [153]. The 
formation of filamentous or graphitic carbon on nickel is a multistage process [154]. Baker et 
al. [156] suggested a three-step model to describe the carbon formation in CDM – the 
aforementioned model was based on the assumption that temperature is the major driving 
force for diffusion of carbon. In the first step of the model proposed by Baker et al, methane 
molecule adsorbs and decomposes on active metal (Ni). Second step starts with the 
dissolution of carbon species into the bulk and diffusion through the metal particle occurs. 
Diffusion of carbon can occur from the hotter leading face (exposed to the gas) of the active 
metal to the cooler rear face (facing the support), where carbon is precipitated from the 
solution to form carbon filaments. Finally, the growth of the carbon ceases due to the 
encapsulation of carbon on the surface of the active site [157, 158]. Diffusion of carbon 
through Ni has been proposed as the rate determining step for CDM. In order for a steady 
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state to occur in CDM, the methane dissociation rate should be equal to the carbon diffusion 
rate. If the rate of dissociation of methane is more than the diffusion rate of carbon, that leads 
to surface carbon coverage on the active sites and eventually causes rapid catalyst 
deactivation. 
 
Figure 1.8: Schematic of the classical mechanism of carbon filament formation 
(reprinted from [159]). 
 
1.9 Aims and objectives 
As outlined in the preceding sections catalytic decomposition of methane (CDM) into 
hydrogen and carbon is a promising technique for production of fuel cell grade hydrogen. 
Promising Ni based catalysts were reported in the literature, however the main area where 
improvement in CDM catalyst performance is stability. Sintering of Ni particles at high 
reaction temperature and coking are two major factors that affect the stability of CDM 
catalysts. In order to improve the catalyst stability a greater understanding of the deactivation 
mechanism(s) and the relationship between these and characteristics of the catalyst is needed. 
The main aim of this project is to develop the most stable catalysts with enhanced hydrogen 
yields. Therefore specific objectives are made as follows 
❖ To synthesise the zeolites and/or porous silica materials supported Ni catalysts. 
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❖ To characterize the synthesised Ni based catalysts by various spectroscopic and 
adsorption techniques such as XRD, N2 sorption measerments, H2-TPR, XPS, 
Raman spectroscopy, SEM, TEM, H2 and N2O pulse chemisorption. In some case 
solid state mass NMR technique is used. 
❖ To test the prepared catalysts for CDM process at optimised reaction temperatures 
and atmospheric pressure. 
❖ Identifying the suitable metal promoter to Ni (alloying effect) 
❖ Study the effect of support particle size for Ni and/or Ni-Cu supported catalysts 
❖ Study the alloying effect of Cu as a promoter for Ni in terms of deactivation 
mechanism/ carbon growth mechanism 
❖ Detailed study of the effect of silica support structure (pore size and Si/Al ratio) of 
the Ni-Cu catalysts for CDM process. 
 
1.10 Outline of the thesis 
The thesis covers “Design and development of Ni based catalysts for Catalytic decomposition 
of CH4 for pure H2 production” is presented in six chapters as detailed below 
Chapter I: This chapter covers the brief introduction about the hydrogen production 
technologies and its potential applications. Various hydrogen production methods and their 
development stage including limitations are discussed. Subsequently significance of CDM 
process and catalysts involved (catalyst technology) in methane decomposition process so far 
are covered with a thorough literature survey. The problems associated with the catalysts 
mainly deactivation mechanism of the catalysts are discussed.  
Chapter II: This chapter presents the experimental details such as catalyst preparation 
methods and catalytic activity tests. It also represents the various catalyst characterization 
techniques adopted in this study. The operating principles and experimental procedures of all 
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the characterization techniques were discussed in detail. Some techniques such as powder X-
ray diffraction analysis (XRD), Brunauer Emmett Teller surface area (BET), H2- temperature 
programmed reduction (H2-TPR), X-ray photoelectron spectroscopy (XPS), H2- pulse 
chemisorption and N2O titration methods were used before the reaction and the other 
techniques include Raman spectroscopic studies, transmission electron microscopy (TEM), 
Scanning electron microscopy (SEM) and carbon, hydrogen, oxygen and sulphur (CHNS) 
have been adopted after the reaction. 
Chapter-III: This chapter contains the influence of Fe, Co, Cu, Zn as metal promoters for Ni 
catalysed decomposition of methane to produce pure H2 was investigated. Based on the 
results obtained a comprehensive investigation on the influence of support particle size was 
studied over the Ni and/or Ni-Cu catalysts over commercial and nano sized H-β supports. 
Chapter-IV: This chapter describes the mono (Ni) and bimetallic (Ni-Cu) supported on 
MCM-41 catalysts for CDM process at a reaction temperature of 550 °C. The major 
contribution of this chapter is promotional effect of copper on Ni in terms of catalyst 
deactvation and carbon growth. This also includes the Ni metal surface area  influence on the 
CDM activities and also Cu role on the quality of the carbon nano fibers formed  
Chapter-V: This chapter represents the detailed studies on the influence of pore 
characteristics (pore volume, pore size) on various silica based supports and also on the 
introduction of Al- into the frame work of MCM-41 prepared with different Si/Al ratios. This 
includes the characterisation of all the Ni-Cu supported silica catalysts by BET surface area, 
XRD, H2-TPR, H2 chemisorption, N2O titration, TEM, Raman spectroscopic studies. Then 
the catalytic activity of the tested catalysts was discussed with the structure activity 
relationship of the catalysts. 
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Chapter-VI: It deals with the overall summary and conclusions obtained for the catalytic 
methane decomposition during the research. The future work possibilities also discussed. 
 
1.11 References 
[1] M. Conte, A. Iacobazzi, M. Ronchetti, R. Vellone, Journal of Power Sources, 100 (2001) 
171-187. 
[2] D. Das, T.N. Veziroǧlu, International Journal of Hydrogen Energy, 26 (2001) 13-28. 
[3] R.M. Navarro, M.A. Peña, J.L.G. Fierro, Chemical Reviews, 107 (2007) 3952-3991. 
[4] P. Ferreira‐Aparicio, M.J. Benito, J.L. Sanz, Catalysis Reviews, 47 (2005) 491-588. 
[5] J. Mani, H. Sakeek, S. Habouti, M. Dietze, M. Es-Souni, Catalysis Science & 
Technology, 2 (2012) 379-385. 
[6] I.P. Jain, International Journal of Hydrogen Energy, 34 (2009) 7368-7378. 
[7] R. Ramachandran, R.K. Menon, International Journal of Hydrogen Energy, 23 (1998) 
593-598. 
[8] J.N. Armor, Applied Catalysis A: General, 176 (1999) 159-176. 
[9] S. Singh, S. Jain, V. Ps, A.K. Tiwari, M.R. Nouni, J.K. Pandey, S. Goel, Renewable and 
Sustainable Energy Reviews, 51 (2015) 623-633. 
[10] P.P. Kundu, K. Dutta, 6 - Hydrogen fuel cells for portable applications A2 - Ball, 
Michael, in: A. Basile, T.N. Veziroğlu (Eds.) Compendium of Hydrogen Energy, Woodhead 
Publishing, Oxford, 2016, pp. 111-131. 
[11] M. Nasir Uddin, W.M.A.W. Daud, H.F. Abbas, Renewable and Sustainable Energy 
Reviews, 27 (2013) 204-224. 
[12] M. Balat, M. Balat, Political, International Journal of Hydrogen Energy, 34 (2009) 3589-
3603. 
[13] A. Holmen, Catalysis Today, 142 (2009) 2-8. 
   Chapter I                                                                                                      Introduction & Literature review                                     
36 | P a g e  
 
[14] R.R. Charpentier, Global Distribution of Natural Gas Resources,  Reference Module in 
Earth Systems and Environmental Sciences, Elsevier2013. 
[15] D.T.B. Leather, A. Bahadori, C. Nwaoha, D.A. Wood, Journal of Natural Gas Science 
and Engineering, 10 (2013) 68-88. 
[16] H. Takata, N. Mizuno, M. Nishikawa, S. Fukada, M. Yoshitake, International Journal of 
Hydrogen Energy, 32 (2007) 371-379. 
[17] A. Chambers, C. Park, R.T.K. Baker, N.M. Rodriguez, The Journal of Physical 
Chemistry B, 102 (1998) 4253-4256. 
[18] J.D. Holladay, J. Hu, D.L. King, Y. Wang, Catalysis Today, 139 (2009) 244-260. 
[19] J.-H. Wee, K.-Y. Lee, Journal of Power Sources, 157 (2006) 128-135. 
[20] D. Kang, J.W. Lee, Applied Catalysis B: Environmental, 186 (2016) 41-55. 
[21] L. Zhou, L.R. Enakonda, Y. Saih, S. Loptain, D. Gary, P. Del-Gallo, J.-M. Basset, 
ChemSusChem, 9 (2016) 1243-1248. 
[22] S.M. Kozlov, K.M. Neyman, Journal of Catalysis, 337 (2016) 111-121. 
[23] N. Bayat, F. Meshkani, M. Rezaei, International Journal of Hydrogen Energy, 41 (2016) 
13039-13049. 
[24] Y. Li, D. Li, G. Wang, Catalysis Today, 162 (2011) 1-48. 
[25] N. Muradov, P. Choi, F. Smith, G. Bokerman, Journal of Power Sources, 195 (2010) 
1112-1121. 
[26] X. Li, G. Zhu, S. Qi, J. Huang, B. Yang, Applied Energy, 130 (2014) 846-852. 
[27] B. Ibeh, C. Gardner, M. Ternan, International Journal of Hydrogen Energy, 32 (2007) 
908-914. 
[28] C. Tanggarnjanavalukul, W. Donphai, T. Witoon, M. Chareonpanich, J. Limtrakul, 
Chemical Engineering Journal, 262 (2015) 364-371. 
   Chapter I                                                                                                      Introduction & Literature review                                     
37 | P a g e  
 
[29] T. Keipi, V. Hankalin, J. Nummelin, R. Raiko, Energy Conversion and Management, 
110 (2016) 1-12. 
[30] N. Triphob, S. Wongsakulphasatch, W. Kiatkittipong, T. Charinpanitkul, P. 
Praserthdam, S. Assabumrungrat, Chemical Engineering Research and Design, 90 (2012) 
2223-2234. 
[31] N. Muradov, International Journal of Hydrogen Energy, 26 (2001) 1165-1175. 
[32] T. Keipi, K.E.S. Tolvanen, H. Tolvanen, J. Konttinen, Energy Conversion and 
Management, 126 (2016) 923-934. 
[33] N.Z. Muradov, T.N. Veziroǧlu, International Journal of Hydrogen Energy, 30 (2005) 
225-237. 
[34] J.I. Villacampa, C. Royo, E. Romeo, J.A. Montoya, P. Del Angel, A. Monzón, Applied 
Catalysis A: General, 252 (2003) 363-383. 
[35] A.M. Amin, E. Croiset, W. Epling, International Journal of Hydrogen Energy, 36 (2011) 
2904-2935. 
[36] A.M. Dunker, S. Kumar, P.A. Mulawa, International Journal of Hydrogen Energy, 31 
(2006) 473-484. 
[37] N. Muradov, Z. Chen, F. Smith, International Journal of Hydrogen Energy, 30 (2005) 
1149-1158. 
[38] J.L. Pinilla, I. Suelves, R. Utrilla, M.E. Gálvez, M.J. Lázaro, R. Moliner, Journal of 
Power Sources, 169 (2007) 103-109. 
[39] K. Nakagawa, M. Nishitani-Gamo, T. Ando, International Journal of Hydrogen Energy, 
30 (2005) 201-207. 
[40] S.-P. Chai, S.H.S. Zein, A.R. Mohamed, Diamond and Related Materials, 16 (2007) 
1656-1664. 
   Chapter I                                                                                                      Introduction & Literature review                                     
38 | P a g e  
 
[41] J. Niu, J. Ran, X. Dua,W. Qi, P. Zhang, L. Yang, Molecular Catalysis 434 (2017) 206–
218. 
[42] M. Pudukudy, Z.Yaakob, Z. S. Akmal, Applied Surface Science 330 (2015) 418–430. 
[43] J. Chen, Q. Ma, T. E. Rufford, Y. Li, Z. Zhu, Applied Catalysis A: General 362 (2009) 
1–7. 
 [44] M. Matsukata, T. Matsushita, K. Ueyama, Chemical Engineering Science, 51 (1996) 
2769-2774. 
[45] T. Zhang, M.D. Amiridis, Applied Catalysis A: General, 167 (1998) 161-172. 
[46] M.A. Ermakova, D.Y. Ermakov, G.G. Kuvshinov, L.M. Plyasova, Journal of Catalysis, 
187 (1999) 77-84. 
[47] M.A. Ermakova, D.Y. Ermakov, G.G. Kuvshinov, Applied Catalysis A: General, 201 
(2000) 61-70. 
[48] R. Aiello, J.E. Fiscus, H.-C. zur Loye, M.D. Amiridis, Applied Catalysis A: General, 
192 (2000) 227-234. 
[49] T.V. Choudhary, D.W. Goodman, Journal of Catalysis, 192 (2000) 316-321. 
[50] T.V. Choudhary, D.W. Goodman, Catalysis Today, 77 (2002) 65-78. 
[51] K. Otsuka, S. Kobayashi, S. Takenaka, Applied Catalysis A: General, 210 (2001) 371-
379. 
[52] V.R. Choudhary, S. Banerjee, A.M. Rajput, Journal of Catalysis, 198 (2001) 136-141. 
[53] Y. Li, B. Zhang, X. Tang, Y. Xu, W. Shen, Catalysis Communications 7 (2006) 380–
386. 
[54] W. Ahmed, A. E. Awadallah, A. A. Aboul-Enein, International Journal of Hydrogen 
Energy, 41 (2016) 18484-18493. 
[55] S. Takenaka, H. Ogihara, K. Otsuka, Journal of Catalysis, 208 (2002) 54-63. 
   Chapter I                                                                                                      Introduction & Literature review                                     
39 | P a g e  
 
[56] S. Takenaka, E. Kato, Y. Tomikubo, K. Otsuka, Journal of Catalysis, 219 (2003) 176-
185. 
[57] S. Takenaka, S. Kobayashi, H. Ogihara, K. Otsuka, Journal of Catalysis, 217 (2003) 79-
87. 
[58] S.G. Zavarukhin, G.G. Kuvshinov, Applied Catalysis A: General, 272 (2004) 219-227. 
[59] S.G. Zavarukhin, G.G. Kuvshinov, Chemical Engineering Journal, 120 (2006) 139-147. 
[60] J. Li, G. Lu, K. Li, W. Wang, Journal of Molecular Catalysis A: Chemical, 221 (2004) 
105-112. 
[61] A. Venugopal, S. Naveen Kumar, J. Ashok, D. Hari Prasad, V. Durga Kumari, K.B.S. 
Prasad, M. Subrahmanyam, International Journal of Hydrogen Energy, 32 (2007) 1782-1788. 
[62] J. Ashok, S.N. Kumar, M. Subrahmanyam, A. Venugopal, Catalysis Letters, 121 (2008) 
283-290. 
[63] S. Fukada, N. Nakamura, J. Monden, M. Nishikawa, 329–333, Part B (2004) 1365-1369. 
[64] D. Chen, K.O. Christensen, E. Ochoa-Fernández, Z. Yu, B. Tøtdal, N. Latorre, A. 
Monzón, A. Holmen, Journal of Catalysis, 229 (2005) 82-96. 
[65] D. Zhang, L. Shi, J. Fang, K. Dai, X. Li, Materials Chemistry and Physics, 97 (2006) 
415-419. 
[66] W. Gac, A. Denis, T.Borowiecki, L. K. Ski, Applied Catalysis A: General 357 (2009) 
236–243. 
 [67] L. Piao, Y. Li, J. Chen, L. Chang, J. Y.S. Lin, Catalysis Today 74 (2002) 145–155. 
 [68] Y. Li, B. Zhang, X. Tang, Y. Xu, W. Shen, Catalysis Communications, 7 (2006) 380-
386. 
[69] T.-J. Huang, C.-H. Wang, Chemical Engineering Journal, 132 (2007) 97-103. 
[70] G. Bonura, O. Di Blasi, L. Spadaro, F. Arena, F. Frusteri, Catalysis Today, 116 (2006) 
298-303. 
   Chapter I                                                                                                      Introduction & Literature review                                     
40 | P a g e  
 
[71] S.Y. Chin, Y.-H. Chin, M.D. Amiridis, Applied Catalysis A: General, 300 (2006) 8-13. 
[72] R.M. de Almeida, H.V. Fajardo, D.Z. Mezalira, G.B. Nuernberg, L.K. Noda, L.F.D. 
Probst, N.L.V. Carreño, Journal of Molecular Catalysis A: Chemical, 259 (2006) 328-335. 
[73] L. Dussault, J.C. Dupin, C. Guimon , M. Monthioux , N. Latorre, T. Ubieto, E. Romeo, 
C. Royo, A. Monzón, Journal of Catalysis 251 (2007) 223–232. 
[74] R.A. Couttenye, M.H. De Vila, S.L. Suib, Journal of Catalysis, 233 (2005) 317-326. 
[75] K. Otsuka, H. Ogihara, S. Takenaka, Carbon, 41 (2003) 223-233. 
[76] K. Otsuka, Y. Abe, N. Kanai, Y. Kobayashi, S. Takenaka, E. Tanabe, Carbon, 42 (2004) 
727-736. 
[77] T.V. Reshetenko, L.B. Avdeeva, Z.R. Ismagilov, A.L. Chuvilin, Carbon, 42 (2004) 143-
148. 
[78] P.G. Savva, G.G. Olympiou, C.N. Costa, V.A. Ryzhkov, A.M. Efstathiou, Catalysis 
Today, 102–103 (2005) 78-84. 
[79] K. Takehira, T. Ohi, T. Shishido, T. Kawabata, K. Takaki, Applied Catalysis A: General, 
283 (2005) 137-145. 
[80] T.V. Reshetenko, L.B. Avdeeva, Z.R. Ismagilov, A.L. Chuvilin, V.B. Fenelonov, 
Catalysis Today, 102–103 (2005) 115-120. 
[81] Z. Bai, H. Chen, B. Li, W. Li, International Journal of Hydrogen Energy, 32 (2007) 32-
37. 
[82] M.A. Ermakova, D.Y. Ermakov, Catalysis Today, 77 (2002) 225-235. 
[83] C. Anjaneyulu, V.V. Kumar, S.K. Bhargava, A. Venugopal, Journal of Energy 
Chemistry, 22 (2013) 853-860. 
[84] S. Takenaka, M. Serizawa, K. Otsuka, Journal of Catalysis, 222 (2004) 520-531. 
[85] A. Konieczny, K. Mondal, T. Wiltowski, P. Dydo, International Journal of Hydrogen 
Energy, 33 (2008) 264-272. 
   Chapter I                                                                                                      Introduction & Literature review                                     
41 | P a g e  
 
[86] L.B. Avdeeva, T.V. Reshetenko, Z.R. Ismagilov, V.A. Likholobov, Applied Catalysis A: 
General, 228 (2002) 53-63. 
[87] S. Takenaka, Y. Shigeta, E. Tanabe, K. Otsuka, Journal of Catalysis, 220 (2003) 468-
477. 
[88] K. Hernadi, A. Fonseca, J.B. Nagy, A. Siska, I. Kiricsi, Applied Catalysis A: General, 
199 (2000) 245-255. 
[89] G.B. Nuernberg, H.V. Fajardo, D.Z. Mezalira, T.J. Casarin, L.F.D. Probst, N.L.V. 
Carreño, Fuel, 87 (2008) 1698-1704. 
[90] H.Y. Wang, E. Ruckenstein, Carbon, 40 (2002) 1911-1917. 
[91] Y. Zhang, K.J. Smith, Catalysis Today, 77 (2002) 257-268. 
[92] X. Li, Y. Zhang, K.J. Smith, Applied Catalysis A: General, 264 (2004) 81-91. 
[93] Y. Zhang, K.J. Smith, Journal of Catalysis, 231 (2005) 354-364. 
[94] S.-P. Chai, S.H.S. Zein, A.R. Mohamed, Chemical Physics Letters, 426 (2006) 345-350. 
[95] P. Ammendola, R. Chirone, L. Lisi, G. Ruoppolo, G. Russo, Journal of Molecular 
Catalysis A: Chemical, 266 (2007) 31-39. 
[96] Y. Zhao, Y.-x. Pan, L. Cui, C.-j. Liu, Diamond and Related Materials, 16 (2007) 229-
235. 
[97] E. Odier, Y. Schuurman, C. Mirodatos, Catalysis Today, 127 (2007) 230-237. 
[98] B. Monnerat, L. Kiwi-Minsker, A. Renken, Chemical Engineering Science, 56 (2001) 
633-639. 
[99] Y. Li, B. Zhang, X. Xie, J. Liu, Y. Xu, W. Shen, Journal of Catalysis, 238 (2006) 412-
424. 
[100] K. Wang, W.S. Li, X.P. Zhou, Journal of Molecular Catalysis A: Chemical, 283 (2008) 
153-157. 
   Chapter I                                                                                                      Introduction & Literature review                                     
42 | P a g e  
 
[101] A.F. Cunha, J.J.M. Órfão, J.L. Figueiredo, International Journal of Hydrogen Energy, 
34 (2009) 4763-4772. 
[102] A.-C. Dupuis, Progress in Materials Science, 50 (2005) 929-961. 
[103] Y. Echegoyen, I. Suelves, M.J. Lázaro, R. Moliner, J.M. Palacios, Journal of Power 
Sources, 169 (2007) 150-157. 
[104] F. Benissad, P. Gadelle, M. Coulon, L. Bonnetain, Carbon, 26 (1988) 425-432. 
[105] P. Zarabadi-Poor, A. Badiei, A.A. Yousefi, B.D. Fahlman, A. Abbasi, Catalysis Today, 
150 (2010) 100-106. 
[106] P. Jana, V.A. de la Peña O’Shea, J.M. Coronado, D.P. Serrano, International Journal of 
Hydrogen Energy, 35 (2010) 10285-10294. 
[107] J. Cumings, W. Mickelson, A. Zettl, Solid State Communications, 126 (2003) 359-362. 
[108] N.M. Mubarak, E.C. Abdullah, N.S. Jayakumar, J.N. Sahu, Journal of Industrial and 
Engineering Chemistry, 20 (2014) 1186-1197. 
[109] L.B. Avdeeva, D.I. Kochubey, S.K. Shaikhutdinov, Applied Catalysis A: General, 177 
(1999) 43-51. 
[110] J. Chen, X. Zhou, L. Cao, Y. Li, COX-free hydrogen and carbon nanofibers production 
by decomposition of methane on Fe, Co and Ni metal catalysts, in: B. Xinhe, X. Yide (Eds.) 
Studies in Surface Science and Catalysis, Elsevier2004, pp. 73-78. 
[111] M. Pudukudy, Z. Yaakob, Chemical Engineering Journal, 262 (2015) 1009-1021. 
[112] W. Gac, A. Denis, T. Borowiecki, L. Kępiński, Applied Catalysis A: General, 357 
(2009) 236-243. 
[113] J. Ashok, S. Naveen Kumar, A. Venugopal, V. Durga Kumari, M. Subrahmanyam, 
Journal of Power Sources, 164 (2007) 809-814. 
[114] S.I. Choi, J.S. Nam, J.I. Kim, T.H. Hwang, J.H. Seo, S.H. Hong, Thin Solid Films, 
506–507 (2006) 244-249. 
   Chapter I                                                                                                      Introduction & Literature review                                     
43 | P a g e  
 
[115] S. Takenaka, H. Ogihara, I. Yamanaka, K. Otsuka, Applied Catalysis A: General, 217 
(2001) 101-110. 
[116] Y. Li, J. Chen, Y. Qin, L. Chang, Energy & Fuels, 14 (2000) 1188-1194. 
[117] J. Ashok, G. Raju, P.S. Reddy, M. Subrahmanyam, A. Venugopal, International Journal 
of Hydrogen Energy, 33 (2008) 4809-4818. 
[118] J. Ashok, G. Raju, P.S. Reddy, M. Subrahmanyam, A. Venugopal, Journal of Natural 
Gas Chemistry, 17 (2008) 113-119. 
[119] H. Wang, R.T.K. Baker, The Journal of Physical Chemistry B, 108 (2004) 20273-
20277. 
[120] J.L. Figueiredo, J.J.M. Órfão, A.F. Cunha, International Journal of Hydrogen Energy, 
35 (2010) 9795-9800. 
[121] G. Sierra Gallego, J. Barrault, C. Batiot-Dupeyrat, F. Mondragón, Catalysis Today, 149 
(2010) 365-371. 
[122] J. Chen, Y. Qiao, Y. Li, Applied Catalysis A: General, 337 (2008) 148-154. 
[123] M. Inaba, K. Murata, M. Saito, I. Takahara, N. Mimura, Reaction Kinetics and 
Catalysis Letters, 77 (2002) 109-115. 
[124] J. Ashok, S. Naveen Kumar, M. Subrahmanyam, A. Venugopal, Catalysis Letters, 118 
(2007) 139-145. 
[125] J. Jia, Y. Wang, E. Tanabe, T. Shishido, K. Takehira, Microporous and Mesoporous 
Materials, 57 (2003) 283-289. 
[126] C. Anjaneyulu, G. Naresh, V.V. Kumar, A.H. Padmasri, J. Tardio, S.K. Bhargava, A. 
Venugopal, RSC Advances, 6 (2016) 34600-34607. 
[127] L.B. Avdeeva, O.V. Goncharova, D.I. Kochubey, V.I. Zaikovskii, L.M. Plyasova, B.N. 
Novgorodov, S.K. Shaikhutdinov, Applied Catalysis A: General, 141 (1996) 117-129. 
   Chapter I                                                                                                      Introduction & Literature review                                     
44 | P a g e  
 
[128] V.B. Fenelonov, A.Y. Derevyankin, L.G. Okkel, L.B. Avdeeva, V.I. Zaikovskii, E.M. 
Moroz, A.N. Salanov, N.A. Rudina, V.A. Likholobov, S.K. Shaikhutdinov, Carbon, 35 
(1997) 1129-1140. 
[129] J.L. Pinilla, R. Moliner, I. Suelves, M.J. Lázaro, Y. Echegoyen, J.M. Palacios, 
International Journal of Hydrogen Energy, 32 (2007) 4821-4829. 
[130] T.V. Reshetenko, L.B. Avdeeva, Z.R. Ismagilov, A.L. Chuvilin, V.A. Ushakov, 
Applied Catalysis A: General, 247 (2003) 51-63. 
[131] Q. Weizhong, L. Tang, W. Zhanwen, W. Fei, L. Zhifei, L. Guohua, L. Yongdan, 
Applied Catalysis A: General, 260 (2004) 223-228. 
[132] W. Qian, T. Liu, F. Wei, Z. Wang, Y. Li, Applied Catalysis A: General, 258 (2004) 
121-124. 
[133] J. Chen, Y. Li, Z. Li, X. Zhang, Applied Catalysis A: General, 269 (2004) 179-186. 
[134] I. Suelves, M.J. Lázaro, R. Moliner, Y. Echegoyen, J.M. Palacios, Catalysis Today, 116 
(2006) 271-280. 
[135] L. Dussault, J.C. Dupin, N. Latorre, T. Ubieto, L. Noé, M. Monthioux, E. Romeo, C. 
Royo, A. Monzón, C. Guimon, Journal of Physics and Chemistry of Solids, 67 (2006) 1162-
1167. 
[136] A. Monzón, N. Latorre, T. Ubieto, C. Royo, E. Romeo, J.I. Villacampa, L. Dussault, 
J.C. Dupin, C. Guimon, M. Montioux, Catalysis Today, 116 (2006) 264-270. 
[137] L. Dussault, J.C. Dupin, C. Guimon, M. Monthioux, N. Latorre, T. Ubieto, E. Romeo, 
C. Royo, A. Monzón, Journal of Catalysis, 251 (2007) 223-232. 
[138] R. Moliner, Y. Echegoyen, I. Suelves, M.J. Lázaro, J.M. Palacios, International Journal 
of Hydrogen Energy, 33 (2008) 1719-1728. 
[139] Y. Echegoyen, I. Suelves, M.J. Lázaro, M.L. Sanjuán, R. Moliner, Applied Catalysis A: 
General, 333 (2007) 229-237. 
   Chapter I                                                                                                      Introduction & Literature review                                     
45 | P a g e  
 
[140] J. Ashok, M. Subrahmanyam, A. Venugopal, International Journal of Hydrogen 
Energy, 33 (2008) 2704-2713. 
[141] N.C. Triantafyllopoulos, S.G. Neophytides, Journal of Catalysis, 217 (2003) 324-333. 
[142] N.C. Triantafyllopoulos, S.G. Neophytides, Journal of Catalysis, 239 (2006) 187-199. 
[143] O.A. González, M.A. Valenzuela, J.-A. Wang, MRS Proceedings, 885 (2005). 
[144] B. Zapata, M.A. Valenzuela, J. Palacios, E. Torres-Garcia, International Journal of 
Hydrogen Energy, 35 (2010) 12091-12097. 
[145] U. Narkiewicz, W. Arabczyk, W. Konicki, Fullerenes, Nanotubes and Carbon 
Nanostructures, 13 (2005) 99-105. 
[146] W. Qian, T. Liu, F. Wei, Z. Wang, D. Wang, Y. Li, Carbon, 41 (2003) 2683-2686. 
[147] G. Wang, Y. Jin, G. Liu, Y. Li, Energy & Fuels, 27 (2013) 4448-4456. 
[148] A.H. Fakeeha, W.U. Khan, A.S. Al-Fatesh, A.E. Abasaeed, M.A. Naeem, International 
Journal of Hydrogen Energy, 40 (2015) 1774-1781. 
[149] J. Ashok, P.S. Reddy, G. Raju, M. Subrahmanyam, A. Venugopal, Energy & Fuels, 23 
(2009) 5-13. 
[150] G. Italiano, C. Espro, F. Arena, F. Frusteri, A. Parmaliana, Applied Catalysis A: 
General, 357 (2009) 58-65. 
[151] J.C. Guevara, J.A. Wang, L.F. Chen, M.A. Valenzuela, P. Salas, A. García-Ruiz, J.A. 
Toledo, M.A. Cortes-Jácome, C. Angeles-Chavez, O. Novaro, International Journal of 
Hydrogen Energy, 35 (2010) 3509-3521. 
[152] I. Tatsumi, M. Yumi, I. Hiroshi, T. Yusaku, Chemistry Letters, 24 (1995) 93-94. 
[153] S.K. Shaikhutdinov, L.B. Avdeeva, B.N. Novgorodov, V.I. Zaikovskii, D.I. Kochubey, 
Catalysis Letters, 47 (1997) 35-42. 
[154] K. Otsuka, S. Takenaka, H. Ohtsuki, Applied Catalysis A: General, 273 (2004) 113-
124. 
   Chapter I                                                                                                      Introduction & Literature review                                     
46 | P a g e  
 
[155] J. Li, K.J. Smith, Applied Catalysis A: General, 349 (2008) 116-124. 
[156] R.T.K. Baker, M.A. Barber, P.S. Harris, F.S. Feates, R.J. Waite, Journal of Catalysis, 
26 (1972) 51-62. 
[157] R.T. Yang, J.P. Chen, Journal of Catalysis, 115 (1989) 52-64. 
[158] M.P. Suárez, D.G. Löffler, Journal of Catalysis, 97 (1986) 240-242. 
[159] J.W. Snoeck, G.F. Froment, M. Fowles, Journal of Catalysis, 169 (1997) 250-262. 
 
 
 
 
Chapter II                                                Material synthesis and characterisation techniques 
47 | P a g e  
 
 
 
 
Chapter II  
Material synthesis and characterization techniques 
 
This chapter describes the experimental methods used in this research project. These methods 
include the catalyst synthesis procedure adopted for achieving the specified objectives of the 
thesis. This chapter also contains the theory and principles pertaining to the characterization 
techniques used:  as powder XRD, BET – surface area, pore size distribution by BJH method, 
SEM, TEM, pulse chemisorption (using different probes molecules such as H2, N2O), Raman 
spectroscopy, XPS, AAS, FT-IR and CHNS analyses. The aforementioned techniques were 
essential to understand the surface and bulk characteristics of catalysts studied.   
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2.1Materials 
 
The following materials were used to synthesis catalysts: Ni(NO3)2 6H2O [AR grade, 
Sigma Aldrich]; Cu(NO3)2 3H2O [AR grade, Sigma Aldrich]; Tetraethoxysilane (TEOS), 
Aluminiumisopropoxide [AR grade, Sigma Aldrich]; Aluminum sulphate (Al2(SO4)3·16H2O) 
[AR grade, Sigma Aldrich]; 35%(wt) Tetraethylammonium hydroxide (TEAOH) [AR grade, 
Sigma Aldrich]; Hexadecyltrimethylammonium bromide (CTAB) [AR grade, Sigma 
Aldrich]; Ammonium hydroxide solution (25% m/m) [AR grade, Sigma Aldrich]; The double 
distilled water was used for the catalyst synthesis. Commercial H-β zeolite support 
(SiO2/Al2O3 = 37, Alfa Aeser) and the support fumed SiO2 (Sigma, Surface area = 395±25 
m2g
-1
) [Sigma Aldrich]; 
 
2.2 Synthesis of catalysts 
2.2.1 Preparation of supports 
2.2.1.1 Synthesis of nanosized zeolite beta 
Nanosized Hβ zeolite (SiO2/Al2O3 =36), which was used as a support, was prepared 
by hydrothermal synthesis using a previously reported method [1]. In a typical procedure, 
firstly base solution was prepared by adding 15.5 mL of 35wt%TEAOH to an  aqueous 
NaOH solution [(1.2 g NaOH in 4 mL of distilled water)], followed by constant stirring for 
10 min. The resultant solution was added to TEOS solution formed by dissolving 22.3 mL 
TEOS in 21 mL of distilled water and then stirring was continued for another 30 min at room 
temperature. Aluminum precursor solution [(2.1 g of (Al2(SO4)3·16H2O)] dissolved in 10.2 
mL of warm water) was added in drop wise to the aforementioned silica mixture and kept 
stirring for another 1 h. Subsequently, 1.4 g of CTAB dissolved in 40 mL of ethanol was 
added to the aforementioned reaction mixture and formation of a gel observed. The obtained 
aluminosilicate gel was stirred for 2 h and dried by continuous stirring at 90 °C. Lastly 
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hydrothermal crystallization was performed by adding water (ca. 0.2 mL per 1 g) to the 
obtained dried sample in a stainless steel autoclave at 175 °C for 24 h. Then the obtained 
solid was filtered and neutralized with repeated water washings. The obtained solid Na-β 
powder was heat treated at 90 °C over night followed by calcination in air at 550 °C for 8 h. 
The H-form of zeolite β was obtained by exchanging four times using 10wt% NH4NO3 
aqueous solution at 80 °C for 5 h of stirring. The obtained powdered material was heat treated 
at 100 °C for 12 h and calcination at 500 °C by passing air for 6 h. 
   
2.2.1.2 Synthesis of silicate-1 
 Silica with MFI topology (silicalite-1) was also used as a catalyst support. The 
synthesis procedure was adopted from the reported literature [2]. Briefly, TEOS (H2O/TEOS 
= 4 molar ratio) was hydrolyzed with 0.05M HCl followed by the addition of 1M NH4OH 
drop wise to hydrolyze the silica. The silicate gel was formed, after the completion of 
hydrolysis. Then the obtained gel was dried at 110 °C for 12 h followed by the addition of 
1M TPAOH (TPAOH/xerogel = 1.6 molar ratio) using a wet impregnation method. Finally, 
the impregnated xerogel was hydrothermally treated in a Teflon lined autoclave at 170 °C for 
48 h. The obtained residue was neutralized with distilled water and centrifuged several times. 
Calcination of the solid sample was carried out at 550 °C for 5 h under static air. 
 
2.2.1.3 Synthesis of pure siliceous (MCM-41) and aluminium containing Al-MCM-
41(Si/Al- 150, 75) samples  
The siliceous MCM-41 and Al-MCM-41 (Si/Al-150, 75) were prepared by a modified 
version of Stober’s synthesis [3, 4]. In a typical synthesis process, the surfactant solution was 
prepared by dissolving 2.5 g of n-hexadecyltrimethylammonium bromide (C16TMABr, 
Aldrich) in 46.3 g of de-ionized water and 60 g of absolute ethanol. The pH of the resultant 
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solution was maintained at ~ 12 using 25 m/m % ammonium hydroxide (16.9 gm) solution 
under constant stirring for 20 min. After complete addition of (drop-wise) tetraethyl 
orthosilicate (TEOS, Aldrich 98% GC, 4.7 g) gel formation was observed. The resultant 
mixture contained a molar ratio of TEOS: 0.3CTAB: 11 NH3: 144 H2O: 58 EtOH. This 
resultant mixture was continued stirring for 2 h followed by aging at 30 °C for 12 h. The 
obtained white precipitate was filtered and neutralized by repeated washings with equal 
volumes of distilled water and methanol (100 mL each). The resultant solid was heat treated 
for 12 h at 80 °C and calcination was carried out in  flowing air at 500 °C for 3 h. Aluminium 
containing MCM-41 (Si/Al= 150 and 75) samples were synthesised by adding aluminium 
isopropoxide (AIP) to the aforementioned silica mixture. The desired Si/Al ratios were 
maintained by controlling the TEOS to AIP ratio.  
 
2.2.2 Preparation of catalysts by impregnation method 
2.2.2.1 Preparation of mono metallic Ni supported catalysts 
All the supported Ni catalysts were synthesized by a wetness impregnation method. 
Each time, the required amount of nickel nitrate [Ni (NO3)2 6H2O] was dissolved in 30 mL 
distilled water in a beaker. Once the metal precursor was completely dissolved, support 
material was added to the metal solution to yield the respective Ni wt% needed. Finally the 
resultant metal support mixture was heated at 90 C with continuous stirring until the samples 
were completely dried. The obtained solid samples were heat treated at 100 C for 12 h and 
calcination was carried out in static air at 550 C for 5 h. 
 
2.2.2.2 Preparation of bi metallic Ni-Cu supported catalysts 
All the bimetallic Ni-Cu supported catalysts used in this thesis were synthesized by a 
co-impregnation method. Similar to the aforementioned procedure, the required amount of 
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nickel nitrate [Ni (NO3)2 6H2O] and Cu(NO3)2 3H2O] were dissolved simultaneously in a 100 
ml beaker with 30 ml of distilled water to give respective Ni and Cu wt% loadings. Then 
these solutions were heated at 90 C with continuous stirring until the samples were 
completely dried. The obtained solid samples were heat treated at 100 C for 12 h and 
calcination was carried out in static air at 550 C for 5 h. 
 
2.3 Characterization of catalysts 
The catalyst samples (calcined, reduced and deactivated form) were characterized using 
the following techniques to examine the surface and bulk characteristics of the catalysts. 
1. X-ray Diffraction Studies (XRD) 
2. Specific Surface Area by N2 physisorption analysis by BET (Brunauer-Emmett-
Teller) method 
3. Scanning Electron Microscopy (SEM) 
4. Transmission Electron Microscopy (TEM) 
5. H2 - Temperature Programmed Reduction (TPR) 
6. X-ray Photoelectron Spectroscopy (XPS) 
7. Fourier transform infrared spectroscopy (FT-IR) 
8. Pulse chemisorption measurements (H2 and N2O)  
9. Laser Raman Spectroscopy 
10. Carbon, hydrogen, Nitrogrn and Sulfur (CHNS) analysis. 
 
2.3.1 Powder X-ray diffraction (XRD) 
Powder X-ray diffraction is a most widely accepted powerful and rapid technique for 
the determination of solid phases present in a sample [5]. The analysis of X-ray diffraction 
lines gives information such as structural identification of a substance and its allotropic 
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transformation, phase identification (phase purity, phase transitions) including unit cell 
dimensions (lattice constants) and presence of hetero atoms [6].  
The theory involves each mineral consisting of a specific crystal structure with unique 
fingerprint d-spacing. It uses the principle of Bragg's Law [7] 
                                         𝑛𝜆 = 2𝑑 𝑆𝑖𝑛 𝜃. 
Where θ = Angle of incidence of the X-ray light and n = order of reflection. 
X ray diffraction lines produce a unique characteristic pattern which is obtained when a 
beam of X-rays with fixed wavelength (λ) hits the crystalline material, diffraction occurs 
which mainly depends on the arrangement and orientation of atoms in a crystal lattice (which 
represents the d- spacing of the sample). X ray diffraction lines are obtained by measuring the 
scattering intensity with respect to scattering angle 2θ (d- spacing of the sample).  
 
Figure 2.1: A Bragg diffraction from a particular arrangement of atoms [8].  
 
For a powder catalyst sample, the X-ray line broadening (XLB) analysis of diffraction 
lines gives the valuable information of average crystallite size of a sample using the Debye-
Scherrer equation [9]. The Debye-Scherrer equation is highly reliable for the calculation of 
mean crystallite size of the particle, which is given by:  
𝜏 =
𝑘𝜆
𝛽𝐶𝑜𝑠𝜃
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Where= Diffraction angle; k = Scherrer’s constant; 𝜏 = Mean crystallite diameter; 
 β = Full width at half maximum of the X-ray line broadening (XLB) of the diffraction. 
In supported metal catalysts, the disappearance / absence of diffraction lines is often 
observed, which is most likely due to the formation of highly dispersed small size crystalline 
particles (< 4 nm) and/or presence of amorphous phase [10].  
In this thesis, X ray diffraction patterns were collected using a Bruker D4 Endeavor 
(source: Cu Kα with λ- 0.15418) wide angle X-ray diffractometer. The analysis was carried 
out with a scan rate of 1° min-1 at 40 kV and 20 mA. The obtained X ray diffraction lines 
were examined for the phase identification using the powder diffraction file from the 
international centre for diffraction data (PDF-ICDD). The average particle size (𝜏) of Ni was 
calculated using the aforementioned Debye-Scherrer equation with respect to Ni (111) plane. 
 
2.3.2 BET surface area 
BET (Brunauer, Emmett and Teller) method is the most reliable and widely accepted 
technique for the measurement of specific surface area (total surface area/unit mass) of a 
material [11]. The theory is based on the physical adsorption of gas molecules on a solid 
surface. This is an extension of the Langmuir monolayer adsorption theory to multi-layer 
adsorption [12, 13]. The basic BET equation to find the surface area of a material is given by  
𝑃
𝑉𝑎(𝑃0 − 𝑃)
=  
𝐶 − 1
𝑉𝑚𝐶
×
𝑃
𝑃0
+
1
𝑉𝑚 𝐶
 
Where 
P : equilibrium adsorption pressure  
Va : volume adsorption at STP 
Po : saturation vapour pressure of the adsorbent  
Vm : adsorbate volume required to form a monolayer coverage 
C : heat of adsorption constant 
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The BET equation represents the straight line equation (Y=mX+C) with an intercept 
1/VmC and slope is (C-1)/Vm. The value of Vm can be obtained from the slope and specific 
surface area can be calculated by the following formula.  
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑚2𝑔−1) =
𝑉𝑚 × 𝑁𝐴 × 𝐴𝑀
𝑊 × 𝑉0
 
Where, NA = Avogadro number (6.023 x 10
23); Vm = monolayer volume (m.L.) at STP;  
  Am = mean cross sectional area of the N2 molecule (0.162 (nm)
2); Wt = Catalyst weight (g). 
Analysis procedure: 
The BET surface area of the catalysts can be calculated by the monolayer physical 
adsorption of nitrogen gas at -196 ºC. For every experiment, catalyst of known weight (0.3-
0.4 g) was loaded in a BET tube and degassing of the catalyst sample was carried out at 250 
°C (10-6 torr) for 3-5 h for the removal of pre-adsorbed gasses and moisture present in the 
catalyst sample. The analysis was carried out at liquid N2 temperature (-196 °C) by passing 
N2 gas. All the N2 adsorption-desorption experiments were carried out using a Micromeritics 
ASAP 2010 instrument. 
 
 2.3.3 Scanning Electron Microscopy (SEM) 
Scanning electron microscopy is a non-invasive sample technique to examine the 
topology, morphology (shape) and size of fragments in a material. The basic principle 
involved is the production of a high energetic electron beam from a source (namely a field 
emission gun) followed by the acceleration of the produced electrons by high voltage (e.g. 20 
kV). Subsequently passage of the high electron beam through a series of magnetic lenses 
results in a very fine focus/spot on a sample. Finally the light interacts with the surface of the 
sample and forms the final image. The striking of electrons with the sample can lead to the 
following phenomenon(s).  
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- The light can be transmitted through the sample (produces TEM images) 
- Elastically scattered / back scattered (used for phase discrimination) 
- Producing characteristic X rays (provides elemental analysis) 
- Producing low energy secondary electrons (produces SEM images) 
 
Figure 2.2: Electron interactions with Specimen. 
In general SEM generates images by utilizing the secondary electron beam produced 
during the sample irradiation with the light. The catalyst samples were placed on carbon tape 
followed by gold sputter coating before the analysis. The imaging of the catalysts was 
recorded using a FEI Nova 1200 NanoSEM, equipped with a TLD detector. 
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Figure 2.3: Schematic representation of SEM instrument. 
 
2.3.4 Transmission Electron Microscopy (TEM) 
TEM is the most widely used technique for the identification of morphology (size and 
shape), distribution and electronic structure of materials [14]. TEM uses high energy 
electrons (80-400kV) to examine the structure (bonding distance and bond angle), chemical 
composition and crystallographic data (lattice defects and orientation of crystal) of the 
materials in submicron level (10-4-10-10 m). The major applications of TEM include medical, 
biological, material science, environmental science and mining. 
 TEM analysis starts with the preparation of the sample/specimen. Specimen 
preparation involves ultra-sonic dispersion of the sample (few mg) in a suitable solvent 
(preferably ethanol and/or isopropanol) for 30 min. Subsequently, deposition of 2 to 3 drops 
of the prepared suspension on a carbon grid (100 to 400 mesh) and allowed for evaporation of 
solvent. The quality of the image is dependent on the dispersion of the specimen. TEM 
analysis of the catalysts was carried out using a JEOL TEM 1010 instrument Rontec EDX 
detector. The software used was Gatan Orius SC600A, with a CCD camera. Figure 2.4, 
showed a block diagram of TEM instrument containing various parts. 
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Figure 2.4:  A block diagram of Transmission electron microscopy unit. 
 
2.3.5 Temperature Programmed Reduction (H2-TPR) 
H2-TPR is the most widely used technique for the determination of metal oxide 
reduction temperature including the quantification of reducible species existing in a catalyst 
sample [15, 16]. In the case of supported metal catalysts, it can provide insights with regards 
to extent of dispersion of metallic species and also the strength of metal–support and/or 
metal-metal interactions present in the sample [16]. The TPR patterns of a sample are unique 
(fingerprint).  
In a typical TPR experiment, a known amount of sample was placed in a quartz 
reactor tube. The experiment starts at ambient temperature by passing the diluent gas; usually 
H2/Ar or H2/N2 through the sample and temperature is increased linearly with time. The 
effluent gasses were monitored using a thermal conductivity detector (TCD). The 
consumption of the reducing gas depends on the amount and/or nature of the reducing species 
present. The analysis of TPR profiles mainly involved the use of the temperature at which 
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reduction was highest (highest temperature peak (Tmax)), number of peaks obtained and the 
total intake of the H2 per gram of catalyst. 
In a typical H2-TPR; measurement starts with the loading of a sample (50-100 mg) in 
a fixed bed quartz reactor followed by degassing the sample with pure N2 and/or Ar at 400 °C 
for 2 h. Analysis is carried out by passing the 4.97% H2 in Ar at a flow rate of 30 mL min
-1. 
The temperature ramping rate was maintained at 10 °C min-1 using an electrical furnace 
connected to a thermocouple which is placed near to the sample. The H2 intakes were 
monitored using a GC-TCD detector and the H2 consumption values were calculated using a 
calibrated TPR of Ag2O under identical experimental conditions. Figure 2.5 shows the 
experimental set up designed and fabricated in IICT to run the H2-TPR analysis. 
 
Figure 2.5:  TPR analysis setup coupled with TCD-GC. 
 
2.3.6 X-ray Photo electron Spectroscopy (XPS)  
XPS is a reliable technique for the investigation of chemical composition and 
electronic structure of the sample in the surface region of 2-3 nm range [17, 18]. From a 
catalysis perspective, it gives valuable information about chemical environment and the 
oxidation states of the elements present on the surface of a catalyst. It is also called as 
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Electron Spectroscopy for Chemical Analysis (ESCA) and it works mainly based on the 
photo electric effect [19]. When a photon of energy hν, hits the surface of the sample, photo 
electrons are emitted with some kinetic energy (KE). The proposed equation for the K.E. of 
emitted electrons is given by:  
𝐾. 𝐸. = ℎ𝜗 − 𝐵. 𝐸. −∅  
Where Φ = work function of spectrometer and BE = binding energy of emitted 
electrons. 
In XPS, the specimen is exposed to low energy (~1.5 keV) X rays to initiate the photo 
electric effect under high vacuum conditions (10-10 torr). In general, Al-Kα (hυ-1486.6 eV) 
and Mg-Kα (hυ-1253.6 eV) are the commonly used X-ray sources in XPS. The core electron 
binding energy is a fingerprint for each element and the presence of a peak at a particular 
binding energy indicates the presence of particular element. In addition, the intensity of the 
peak is proportional to the concentration of the corresponding element; hence this technique 
can also used for the quantitative analysis of the surface composition. The XPS analysis was 
carried out on a Thermo Kα X-ray photoelectron spectrometer using a monochromate Al Kα 
X-ray (1486.7 eV) source at room temperature. The binding energies were corrected by using 
C 1s line (284.6 eV) as an internal standard and each spectra was deconvoluted using 
Avantage-XPS software.   
 
2.3.7 Fourier Transform Infrared Spectroscopy (FT-IR) 
FTIR spectroscopy is mainly based on the atomic vibrations in a molecule. When an 
infrared radiation (4000 cm-1 to 400 cm-1) is passed through the sample, some fraction of 
incident radiation is absorbed at particular energy. The peak appeared in absorption spectrum 
corresponds to one mode of vibration of a molecule. An IR active sample must possess 
change in permanent dipole moment during its vibration. FTIR analysis of the catalyst gives 
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valuable information of the functional groups present on the support [20]. Figure 2.6 
represents the pictorial representation of the simple FTIR spectrometer. 
 
Figure 2.6: A schematic of an simple IR spectrometer. 
In general, KBr pellet method is used for the identification of functional groups by 
grinding the 2 mg of catalysts sample with 200 mg of KBr. In this project FT-IR analysis was 
performed using 660 FT-IR instrument (Agilent Technologies).  
 
2.3.8 Chemisorption studies 
Chemisorption involves the chemical interaction between the adsorbate (generally gas 
molecules) and the solid surface (active sites). Chemical adsorption of gas molecules can 
occur only on particular solid surfaces and is also possible only under certain thermal 
conditions. A specific feature of chemisorption is it mostly leads to monolayer surface 
coverage and hence is a more reliable method to probe metal surfaces for a specific molecular 
species. Chemisorption studies are very helpful to determine the metal surface area and 
percentage of metal dispersion in supported metal catalysts [21, 22].  
In general H2/O2/CO/N2O is used as chemisorption probes for the quantification of the 
surface active sites. In this project, chemisorption studies were performed using a custom 
made pulse reactor. It consists of a fixed bed quartz reactor (i.d. = 8 mm and 25 mm length) 
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followed by 6-port sampling valve with capacity of 500 µL of loop volume and a gas- 
chromatograph (GC) with thermal conductivity detector (M/s. Shimadzu, Japan). In all 
chemisorption experiments, firstly the catalyst sample was reduced using 4.95% H2/Ar 
mixture (30 mL/min) at 550 °C for 3 h and subsequently exposing the catalyst sample for an 
hour in pure He flow at the same temperature (550 °C). Then the sample was cooled to pulse 
chemisorption temperature in a He flow. For all the catalysts H2 chemisorption was carried 
out at 60 °C by using 4.95% H2/Ar and N2O titration was carried out  at 90 °C using pure 
N2O (purity 99.995%). Chemisorption studies were carried out by injecting the respective 
probes (H2/N2O) in pulse on to the sample until a surface saturation was reached.  The 
amount of gas probe (uptake) was determined by the standard GC- software (Class 5000).  
In general, for supported metal catalysts, the metal dispersion is defined as the ratio of 
total number of surface active sites to the total number of active sites present in the sample. 
The fraction of dispersion changes from 0 to 1; where the higher limit 1 indicates the atomic 
level dispersion of metal [23, 24]. Ni metal surface area was calculated by assuming that one 
molecule of H2 is adsorbed on a stoichiometric of two surface Ni atoms [25]. Similarly, for 
calculating the N2O uptakes, NiO formation was predicted on Ni surfaces [stoichiometry is 
N2O/Ni = 1] and one N2O molecule is predicted to adsorb on two Cu atoms on copper 
surfaces [Cu/N2O = 2] [26].  
𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
𝑈𝑝𝑡𝑎𝑘𝑒 (
µ𝑚𝑜𝑙
𝑔𝑐𝑎𝑡
)
𝑇𝑜𝑡𝑎𝑙 𝑚𝑒𝑡𝑎𝑙 (
µ𝑚𝑜𝑙
𝑔𝑐𝑎𝑡
)
× 100 
𝑀𝑒𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 = 𝑀𝑒𝑡𝑎𝑙 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 × 𝑁𝑜. 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 𝑎𝑡𝑜𝑚𝑠 𝑜𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 
               Where Ni cross sectional area = 6.49 x10-20 m2 (Ni atom)-1. 
2.3.9 Laser Raman spectroscopy 
Raman spectroscopy is a form of vibrational spectroscopy and very much used for the 
characterization of a wide range of samples (solids, liquids, gasses). It is a scattering 
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technique which occurs due to the change in the polarizability of the molecule during 
vibration. Raman spectroscopy is a non-invasive and straight forward technique which 
generally doesn’t require sample preparation. When a sample is illuminated with 
monochromatic light, scattering can occur after the interaction with sample molecules. In 
most cases, the scattered radiation can have a similar energy to the incident radiation, which 
constitutes Rayleigh scattering. However, a small fraction of scattered light (~ 1 in 107 
photons) possesses energy different (higher/lower) from the incident radiation and constitutes 
Raman scattering. If the scattered radiation has lower energy than the incident radiation, 
stokes lines (red shift) appear. However, anti stokes (blue shift) lines appear when the 
scattered radiation is having higher energy than the incident radiation. Figure 2.7, shows a 
schematic of possible energy shifts during the Raman scattering phenomenon.    
 
Figure 2.7: possible energy shifts during the Raman scattering phenomenon.    
 
Different interactions lead to the energy shifts (stokes and anti-stokes) and can be 
used for the identification of molecular functional groups in Raman spectroscopy. In this 
thesis, the Raman analysis experiments were carried out using a Horiba-Jobin Yvon LabRam-
HR spectrometer with a single stage monochromator and LN2-cooled CCD detector.  The 
excitation laser used was at 532 nm (visible/green).  
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2.3.10 CHNS analysis 
CHNS is a rapid quantitative elemental analysis technique used for the measuring of 
relative percent of elements such as carbon, hydrogen, nitrogen, sulphur present in both 
organic and inorganic samples. It has the flexibility of handing a variety of samples including 
solids, liquids and gaseous samples. Figure 2.7 representing the schematic of CHNS analysis 
process. 
 
Figure 2.8: Schematic of CHNS (O) analyser. 
It uses the principle of dynamic flash combustion. It involves the complete 
oxidation/combustion of the catalyst sample (in mg) in an oxidizing atmosphere (pre-
determined amount of O2). The sample is converted in to combustible products at a 
temperature of around 1020 °C followed by the reduction of combustible products mainly 
sulphur and nitrogen oxides by passing through the reduction furnace (copper zone) [27]. The 
obtained gasses are detected using a thermal conductivity detector assuming the peak area is 
proportional to the concentration of the gasses present. 
 
2.3.11 Atomic absorption spectroscopy (AAS) 
 
Atomic absorption spectroscopy is the most widely used technique for the 
determination of elemental composition (quantification) of a sample. The principle involved 
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is the absorption of electromagnetic radiation by the analyte. In this method firstly, the 
sample undergoes atomisation by the flame energy followed by irradiation using light of a 
fixed wavelength. The light absorbance is directly proportional to the concentration of the 
element present in the sample (Beer-Lambart Law). The sample concentration can be 
determined by the calibration curve which was obtained from the known concentration of the 
analyte. It can be applicable for all metals, metalloids and also some of the non-metals such 
as Boron, Silicon and Phosphorous. In this thesis AAS analysis was performed using an 
Analyst-300 (Perkin Elmer) instrument and the samples were dissolved in aqua regia before 
the analysis. 
 
Figure 2.9: Schematic of an atomic absorption spectrometer. 
 
2.4 Catalyst evaluation and products analysis  
2.4.1 Activity studies  
The catalytic activities of methane decomposition were tested in a fixed-bed quartz 
reactor having the inner diameter of 2.0 cm and length of 46 cm. The reactor outlet is 
interfaced with a GC using TCD (thermal conductivity detector) which is presented in Figure 
2.9 schematically. The catalyst was placed at the center of the reactor using quartz wool. The 
heating of the reactor was maintained by an electric furnace with a K-type thermocouple 
placed at the center of the reactor. All the catalysts were ex-situ reduced using a 4.97% H2/Ar 
flow (30 mL/min) at 550 C for 3 h before the reaction. The reactant gas i.e. methane was pre 
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heated at 300 °C before passing into the reaction (catalyst bed) chamber. Pure methane 
(99.99%, Bhuruka gases Limited) was used for all the experiments at a given flow rate using 
mass flow controllers (Alicat Scientific) in a down flow mode. The catalytic reactions were 
performed at atmospheric pressure and the reaction was continued until the catalyst was 
completely deactivated (activity was <3% methane conversion). The reactor effluent gas 
stream was analysed by online TCD-GC (Varian CP-3800) with an auto-mated 6-port 
sampling valve using N2 as a carrier gas and carbosphere column. The equation used for the 
calculation of methane conversion is shown in equation 2.1. The first analysis was done after 
5 min of CH4 passed over the catalyst and remaining analyses were taken at regular intervals 
of 10 min.  
𝐶𝐻4 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
(𝐹𝐶𝐻4,𝑖𝑛 − 𝐹𝐶𝐻4,𝑜𝑢𝑡)
𝐹𝐶𝐻4,𝑖𝑛
× 100         … … … . (2.1)          
Where F = Flow rate of methane. 
 
 
Figure 2.10: Schematic representation of a fixed bed reactor employed for CDM process. 
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Chapter-III 
Nano sized Hβ supported Ni based bimetallic catalysts: synthesis, 
characterization and their activity towards CDM. 
 
 
Abstract 
In this chapter the influence of Fe, Co, Cu, Zn as promoters for Ni catalysed decomposition 
of methane to produce pure H2 was investigated. The influence of support particle size was 
also investigated for Ni and Ni-Cu supported on H-β catalysts. The obtained results showed 
that copper was the most effective promoter among the metals studied, whilst the results 
obtained on the influence of support particle size showed that the nano H-β zeoite support has 
the pronounced effect on Ni and Ni-Cu dispersion and consequently on the higher H2 yields 
compared to commercial Hβ. Detailed investigation on the influence of support particle size 
was also studied over the Ni and/or Ni-Cu catalysts over commercial and nano sized H-β 
supports. Consistent with aforementioned findings, Ni-Cu/nano-Hβ was the most active of 
the catalyst for CDM process under the experimental conditions maintained. 
This work presented in this chapter has been published. 
G. Naresh, V. Vijay Kumar, Ch. Anjaneyulu, J. Tardio, S.K. Bhargava, J. Patel and A. 
Venugopal,   Nano size Hβ zeolite as an effective support for Ni and Ni-Cu for COx free 
hydrogen production by catalytic decomposition of methane. International Journal of 
Hydrogen Energy, 2016, 41, 19855. 
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3.1 Introduction 
As mentioned earlier in chapter-1, supported Ni catalysts have been shown to be very 
active in catalysing the decomposition of methane (which in turn leads to production of pure 
H2 [1-4]). The Ni based catalysts that have been developed to date have significant scope for 
improvement, particularly with regards to stability. Improvements in stability will most likely 
be obtained through improvements in one or more of the following: 
- Support material  
- The use of dopant(s)/promoters     
The role(s) of a support are influenced by its type, nature and morphology – the 
aforementioned characteristics mainly influence the dispersion and stability of the Ni 
particles in catalysts used for methane decomposition [5-7]. Catalysts of Ni supported on 
zeolites have shown promising results in CDM [8, 9]. Ashok et al, studied the CDM using 
30wt%Ni supported on zeolite catalysts and reported that Ni supported on HY zeolite 
exhibited higher  catalytic activity and longevity compared to the other Ni supported on 
zeolite catalysts studied (USY, SiO2 and SBA-15) [9]. Ashok et al also performed Ni loading 
optimization studies and reported that the 20wt%Ni/HY catalyst at 550 °C, produced the 
highest hydrogen yield of 1355 mol H2/molNi compared to the other Ni loadings examined 
(10, 15, 20, 30, 40, 50 and 60 %). In their studies they mentioned that size of the Ni particle 
and surface acidity of the catalyst influenced the hydrogen yields.   
Another approach that has been explored to improve the stability of Ni based catalysts has 
involved the use of Ni in the form of alloys [2]. As mentioned earlier in chapter 1, most of the 
d block metals such as Cu [10-13], Zn [14], Mo [15, 16], Fe [17], Pd [17], Co [18], Au [15, 
16]  and also f- block metals include La, Pr, Nd, Gd and Sm [19, 20]  have been tested as 
promoters to Ni for CDM process. Of the aforementioned metals, the majority of the research 
has been focussed on Fe, Co, Cu, Zn as promoters to nickel. Chen et al. [14] investigated the 
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doping effect of ZnO into a Ni–Al2O3 catalyst prepared by co-precipitation. In their studies a 
75Ni-25Al (atomic ratio) catalyst gave 88gC/gNi at 500 °C at a flow rate of 68 mL/min and 
catalyst weight - 0.1g, whilst a 50Ni-25Zn-25Al catalyst showed higher carbon yields of 
165gC/gNi under the same experimental conditions. Chen et al observed that presence of ZnO 
delayed the formation of a quasi-liquid state in the metal particles and this led to enhanced 
activity and stability. Ashok et al studied the effect of Cu on a Ni-SiO2 catalyst prepared by 
co-precipitation and achieved high carbon yields of 544 gC/gNi at 650 °C over a 6Ni-2Cu-
2SiO2 catalyst [21]. They reported that addition of Cu to Ni increased the reducibility of the 
Ni and also favoured the carbon tip-growth mechanism. Wang et al, reported that addition of 
Fe to Ni also significantly increases the stability and activity of Ni based catalysts at high 
temperatures (650 °C). They reported that a 2Ni-1Fe-1Al catalyst prepared by co-precipitaion 
exhibited high catalytic activity (70% conversion) for CDM and achieved a yield of 562 
gC/gNi at a reaction temperature of 650 °C [22]. 
The main objective was of the study is to investigate the effect of metal promoters on 
Ni/nano sized H-β zeolite. Subsequent studies were then undertaken on the most active 
promoted Ni catalyst to determine the influence of changing the particle size of the support.   
There were not much studies reported in the literature on the influence of support particle size 
on promoted Ni based catalysts for CDM process, which set the objective of the current 
work.  
 
3.2 Experimental section 
3.2.1 Materials 
3.2.1.1 Catalyst preparation 
Nano H-β was synthesised using a hydrothermal method [23]. The loading of Ni in 
Ni/nanoH-β was fixed to 20wt% based on the optimised conditions for CDM from earlier 
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reports [24, 25] and the loading of the promoters (M= Co, Fe, Zn and Cu) was kept constant 
at 5wt% i.e. 20wt%Ni-5wt%M catalysts were prepared by a simple co-impregnation method.   
 
3.2.2 Methods 
The detailed experimental conditions pertaining to this work was discussed in chapter 
II. 
 
3.3 Results and discussion 
3.3.1 Characterisation of catalysts 
3.3.1.1 Powder X-ray diffraction studies 
 
 
Figure 3.1: XRD patterns of a) commercial H b) synthesized nano-H samples. 
XRD patterns (Figure 3.1b) of the synthesized nano- Hβ support confirmed the 
characteristic diffraction lines of the H-β zeolite. The diffraction line at 2θ = 22.5° represents 
the typical topology of BEA [26]. XRD patterns (Figure 3.2A) of the calcined Ni and Ni-Cu 
supported on commercial and nano H-β catalysts displayed reflections due to  NiO at 2θ = 
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37.37°, 43.4°, 62.9° and 75.5° [ICDD # 01-1239]. The crystallite size of NiO was calculated 
from the line broadening of the (200) peak of NiO (2θ=43.3°) using the Debye-Scherrer 
formula. The crystallite size of NiO particle (Table 3.1) was significantly larger for the 
commercial H-β catalyst ca.55 nm, compared to the nano H-β (ca. 40.5 nm). Addition of Cu 
to the Ni, the size of the NiO particles was further reduced in both the nano and commercial 
H-β samples.  
For reduced samples of Ni only catalysts, the metallic Ni crystallite size was 
decreased from 52 nm to 37 nm on the nano H-β support compared to the commercial H-β; 
indicating higher Ni dispersion on nano Hβ compared to the commercial H-β. From Figure 
3.2B, it is clear that the addition of Cu had a significant effect on the Ni present in the 
20wt%Ni-5wt%Cu/nano-Hβ, where it can be clearly seen that a Ni-Cu alloy phase formation 
was observed. For the 20wt%Ni-5wt%Cu/comm.-Hβ; segregated Ni0 and Cu0 species were 
observed [ICDD # 04-0836].  
 
Figure 3.2: XRD patterns of the (A) Calcined and (B) Reduced catalysts. (a) 
20wt%Ni/comm.-Hβ, (b) 20wt%Ni/nano-Hβ, (c) 20wt%Ni-5wt%Cu/comm.-Hβ and (d) 
20wt%Ni-5wt%Cu/nano-Hβ. 
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3.3.1.2 Physicochemical properties of the catalysts 
The N2 sorption measurements were carried out to determine the specific surface area, 
pore size and pore volume of the catalysts (Table 3.1). For a given mass, nano H-β was 
found to have a higher surface to volume ratio; therefore it increases the surface active site as 
well as enables better uniform distribution. The synthesised nano H-β had a higher surface 
area (675 m2/g) than the commercial H-β (555 m2/g). Addition of Ni and Ni-Cu to both H-β 
(nano and commercial) supports led to a decrease in surface area as well as pore size for the 
respective supports. This was mostly due to partial blockage of the zeolite pores by Ni and 
Ni-Cu particles. The increase in surface area in nano H-β is due to the increase in pore 
volume (0.38 cc/g) compared to commercial Hβ (0.33 cc/g).   
Table 3.1: Physico-chemical properties of the Ni and Ni-Cu supported on commercial Hβ 
and nano-Hβ zeolites. 
Catalyst BET-
SA 
(m2/g) 
Pore 
volume 
(cc/g)a 
 
Pore 
size 
(nm)b 
 
H2 uptake  
(µmol/gcat)
c 
NiO 
domain 
size 
(nm)d 
Ni0 
domain 
size 
(nm)e 
Comm.-Hβ 555 0.33 2.4 - - - 
20wt%Ni/comm.-Hβ 337 0.20 2.3 518 55 52 
20wt%Ni-5wt%Cu/comm.-Hβ 221 0.15 1.8 621 38 43 
nano-Hβ 675 0.38 3.3 - - - 
20wt%Ni/nano-Hβ 369 0.21 2.5 482 40.5 37 
20wt%Ni-5wt%Cu /nano-Hβ 284 0.20 2.0 636 33 34 
aPore volume calculated from the desorption branch of N2 physisorption isotherm. 
bBJH desorption average pore diameter    
cThe H2 uptakes are measured using a standard TPR curve of Ag2O under similar 
experimental conditions. 
dXRD analysis of calcined catalysts 
eXRD analysis of reduced catalysts 
 
 
3.3.1.3 SEM analysis of fresh supports 
Figure 3.3 shows representative SEM micrographs of the commercial H-β and 
synthesised nano H-β support. For the comm. H-β most of the particles were found to be 
larger aggregates and the mean particle size was estimated to be 500 nm (Figure 3.3). 
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Whereas synthesised nanoH-β was comprised mostly of uniformly sized spherical particles 
with an average particle size of 150 nm.  
 
Figure 3.3: SEM images of (a) commercial Hβ and (b) nano-Hβ samples. 
 
3.3.1.4 Temperature programmed reduction studies (H2-TPR) 
In order to investigate the metal support interactions and the reduction behavior of the 
metal oxides the H2-TPR analysis was carried out and the results are reported in Figure 3.4. 
The H2 uptakes of the Ni and Ni-Cu supported on commercial H-β and nano H-β are reported 
in Table 3.1. Both commercial and nano H-β catalysts showed more or less similar H2 
uptakes, very nature of the technique that analyzes the bulk material property.  
The H2 TPR profiles for the Ni only catalysts (Figures 3.4 (a) and (b)) were 
significantly different to the profiles obtained for the Ni-Cu catalysts [Figures 3.5 (c) and 
(d)]. For the Ni only catalysts, Gaussian fitting of the profiles obtained show that two stage 
reduction of NiO. A high temperature broad peak observed above 500 °C can be  [Figure 3.4 
(a) and (b)] assigned to the reduction of NiO species which have stronger interaction with 
the support and the low temperature reduction peak at around 400-450 °C is due to NiO 
particles with different degrees of interaction with the support [27]. From the Figure 3.4 (a 
and b), Ni loaded on nano H-β showed low temperature  reduction peak (Tmax) at 430 °C and 
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shoulder peak at 510 °C. Ni supported on comm.-Hβ displayed Tmax at high temperatures than 
the nano-Hβ catalyst (Figure 3.4). 
The bimetallic Ni-Cu catalysts also showed two different types of reduction peaks. 
The peak around 405 °C can be ascribed to the reduction of NiO and a low temperature 
shoulder peak at around 320 °C can be attributed to the reduction of CuO species [21]. After 
copper addition, the NiO reduction peak (Tmax) was shifted towards the lower temperatures to 
405 °C. This is an indication of strong interaction between Ni and Cu rather than the Ni and 
support. Few studies reported that the Cu catalyzed H2 activation promoting the lower 
temperature reduction of NiO species (Tmax shift) in Ni-Cu bimetallic catalysts [28].  
 
Figure 3.4: TPR profiles of fresh a) 20wt%Ni/comm.-Hβ, b) 20wt%Ni/nano-Hβ, c) 
20wt%Ni-5wt%Cu/comm.-Hβ and d) 20wt%Ni-5wt%Cu/nano-Hβ calcined samples. 
 
3.3.1.5 FT-IR analysis of the catalysts 
The fresh zeolite supports and the corresponding Ni and Ni-Cu supported on zeolites 
were analyzed by FT-IR spectroscopy and the results are given in Figure 3.5. The vibrational 
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peaks at 796 cm-1, 1094 cm-1, 1218 cm-1 are assigned to [TO4] tetrahedral units (T= Si, Al) 
[29, 30]. A strong vibrational band is observed in the region 1000-1200 cm-1, which can be 
ascribed to the internal vibration of tetrahedral SiO4, AlO4 for the zeolite H-β [31]. The peak 
obtained at 1094 cm-1 was assaigned to the asymmetric stretching vibration of [TO4] and the 
peak around 796 cm-1 is ascribed to the symmetric stretching vibrations of external Si-O-Si or 
Si-O-Al linkages. The vibrations at 525 cm-1, 574 cm-1, 620 cm-1 were assigned to the double 
ring external vibrations of TO4 tetrahedra. The bands of 525 cm
-1, 574 cm-1 are considered as 
characteristic peaks of H-β zeolite [32]. The band near 3440 cm-1 is an indication of –OH 
groups existence on all the samples. The band at 1623 cm-1 is assigned to adsorbed water, 
which is in good correlation with earlier reports [33]. 
 
Figure 3.5: FT-IR spectra of parent and fresh calcined a) commercial Hβ, b) synthesized 
nano-Hβ, c) 20wt%Ni/commercial Hβ, d) 20wt% Ni/nano-Hβ, e) 20wt%Ni-5wt% 
Cu/commercial Hβ and f) 20wt%Ni-5wt%Cu/nano-Hβ.  
 
3.3.1.6 H2 Pulse chemisorption and N2O titration studies 
H2 pulse chemisorption and N2O decomposition studies were used to measure the 
active Ni metal surface area of the catalysts (Table 3.2). It is known that H2 chemisorption 
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can occur only on surface Ni sites whilst the N2O decomposition can be possible on the 
surface of Ni and/or surface Cu and also on Ni-Cu alloy species. From the H2 chemisorption 
data (Table 3.2) higher Ni dispersion was observed on nano H-β compared to com.Hβ. This 
is explained due to formation of smaller size Ni particles on nano H-β. The addition of Cu to 
Ni, led to lower H2 uptakes than those observed for the corresponding mono metallic 
catalysts (which was most likely due to one or more of the following reasons: 
-the formation of Ni-Cu alloy (H2 chemisorption is unlikely to occur on Ni-Cu alloy) [34]  
-some coating of Ni particles by copper and/or  
-the addition of Cu led to decreased Ni particle size (the XRD results showed that the 
addition of Cu reduced the Ni particle size).  
The N2O titration studies demonstrated that the addition of Cu led to the ca. 25-30% of 
increased N2O uptakes on both commercial and nano H-β catalysts. Combination of these 
two methods suggested an enhanced Ni metal surface area and also an increase in Ni-Cu 
alloy formation was observed on supported nano H-β samples. 
Table 3.2: H2 pulse chemisorption and N2O titration data over Ni and Ni-Cu loaded Hβ 
catalysts. 
a H2 pulse chemisorption 
b N2O uptake when the samples were reduced at 550 C/3h 
c N2O uptake when the samples were reduced at 300 C/3h 
Bulk Cu content: 780 mol/gcat 
Bulk Ni content: 3400 mol/gcat  
nd: not determined 
Catalyst H2 uptake 
(µmol/g)a 
SNi 
(m2/g-
cat) 
  Ni 
(% D) 
N2O 
uptake 
(µmol/g)
b 
N2O 
uptake 
(µmol/g)c 
Surface metal 
(µmol/g) 
 
%D(Ni-Cu)alloy 
 
Ni Cu 
5wt%Cu/Hβ nd - nd nd 33.4 - - - 
20wt%Ni/comm Hβ 30.5 2.3 1.8 88.8 3.0 - - - 
20wt%Ni-5wt%Cu/Hβ 12.0 - 0.7 145.1 24.4 80.7 40.3 2.37 
5wt%Cu/nano-Hβ nd - nd nd 35.8 - - - 
20wt%Ni/nano-Hβ 41.7 3.2 2.4 130.8 3.6 - - - 
20wt%Ni-
5wt%Cu/nano-Hβ 
20.0 - 1.2 193.9 28.8 102.5 51.2 3.01 
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3.3.1.7 XPS analysis of reduced catalysts 
The XPS spectra for the catalysts studied are given Figure 3.6 and the semi 
quantitative surface compositions as estimated from the XPS data are given in Table 3.3. 
From Figure 3.7A, it can be seen that the Ni 2p3/2 spectra contain two chemically distinct 
species of Ni for all the samples with binding energies in the range of 852.8–853.1 eV and 
855.0– 855.6 eV. The Ni species  at the lower binding energy corresponds to Ni0 and the Ni 
species  at higher binding energy are of Ni2+ (NiO) [35]. The peak corresponding to Ni2+ 
(855.6 eV) that is observed in the catalyst after reduction is most likely due to the catalyst 
being exposed to air during the sample preparation. Similarly the Cu2p3/2 spectra obtained 
illustrates that  two Cu 2p species are present - Cu+1/Cu0 (932.8) and Cu+2  (934.7 eV).  
 
Figure 3.6: XPS of reduced (A) core level Ni 2p3/2 and (B) core level Cu 2p3/2 of samples. a) 
20wt%Ni/comm.-Hβ, b) 20wt%Ni/nano-Hβ, c) 20wt%Ni-5wt%Cu/comm.-Hβ and d) 
20wt%Ni-5wt%Cu/nano-Hβ reduced samples. 
  From the surface composition analysis (Table 3.3), it was clear that the Ni-nano and 
Ni-Cu nano Hβ had significantly higher Ni content in the near surface region compared to the 
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corresponding commercial Hβ samples. Similarly, the Ni-Cu nano H-β showed more Cu 
enrichment (almost double) than on the commercial H-β.  
Table 3.3: Semi quantitative surface compositions of Ni and Ni-Cu supported on commercial 
and nano H catalysts. 
Catalyst Ni Cu Al Si O O/Ni Ni/O Ni/Cu 
Ni/commercial-H 4.56 - 5.70 36.74 52.99 11.62 0.086 - 
Ni-Cu/commercial-H 7.68 1.34 6.05 33.55 51.38 6.69 0.149 5.73 
Ni/nano-H 11.34 - 7.81 32.94 47.89 4.22 0.236 - 
Ni-Cu/nano-H 10.99 3.02 8.46 24.94 52.58 4.78 0.209 3.63 
 
 
3.4 CDM activity measurements 
3.4.1 Effect of promoter (M) on Ni/nano H-β catalysts for CDM 
The CDM activities of Ni and Ni-Cu supported commercial and nano H-β catalysts were 
investigated at 550 °C. All the catalysts were reduced with 4.97% H2 in Ar at 550 °C for 2 h 
before the reaction. It was observed (Figure 3.7A) that all the catalysts exhibited a similar 
trend of catalytic behavior  
– An initial increase in extent of conversion from 0 to ~30 min. 
- A rapid decrease or gradual decrease in the extent of conversion after 30 minutes time 
on stream 
The initial increase in conversion till ~ 30 minutes was probably due to the complete 
reduction of unreduced NiO species in presence of produced hydrogen by methane 
decomposition reaction. As mentioned earlier in chapter 1, catalyst deactivation is inevitable 
in the CDM reaction. The reason for the gradual drop in conversion and/or catalyst 
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deactivation was mainly due to the accumulation of carbon on the catalyst surface/active 
sites.  From the results presented in Figure 3.7A it can be seen that the extent of conversion 
varied significantly for the catalysts studied. The catalytic activities of Ni-Co/nano H-β and 
Ni-Zn/nano H-β, were found to be lower than the mono metallic Ni/nano H-β and the extent 
of conversion for these catalysts dropped below 2.5% at 6 and 7 h of time on stream 
respectively (compared to the Ni/nano H-β which did not drop to below 2.5% conversion 
until 8 h on stream. The decreased activity for the catalysts containing Co and Zn was 
presumably due to a decrease in active Ni surface area. In contrast, addition of Fe and Cu 
improved the extent of conversion and catalyst life (the Ni-Cu/nano H-β and Ni-Fe/nano H-β 
both dropped to below 2.5% conversion after ~10 h time on stream) of Ni/nano H-β.  The 
hydrogen yields obtained for the catalysts studied are presented in Figure 3.7B (the method 
/procedure used to determine the hydrogen yield is given in Appendix A). The hydrogen 
yield obtained with the Ni-Cu/nano-Hβ, 210.4 Nm3 (mol Ni)-1, was significantly higher than 
that obtained using the other catalysts studied. The results obtained were in agreement with 
the previous reports [21, 36], which proved that presence of copper increased the dispersion 
of Ni due to the formation of Ni-Cu alloy.  
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Figure 3.7: (A) Change of methane conversion as a function of time on stream during 
methane decomposition over 20wt%Ni/nano H-β modified with different promoters and (B) 
Overall hydrogen yields over different promoters to Ni on 20wt %Ni/nanoH-β catalysts. 
Reaction temperature = 550 ºC; catalyst ~ 0.015 g + 0.085 g of -Al2O3; CH4 = 30 ml/min. 
 
3.4.2 Influence of support particle size 
The influence of support particle size on the CDM activity of Ni-Cu and Ni supported 
on Hβ was studied by investigating the activity of Ni-Cu and Ni supported on commercial H-
β (average particle size – 500 nm) and comparing this to the results obtained in the previous 
section using nano H-β (average particle size -150 nm). The results obtained using the 
different supports are presented in Figure 3.8. Both Ni and Ni-Cu supported on nano-Hβ 
showed higher CDM activity and longevity than the comm.-H supported catalysts (Figure 
3.8A). For Ni only catalysts, Ni/nano H-β showed an initial extent of conversion 27% and 
sustained for 9 h time on stream, whilst the Ni supported commercial H-β completely 
deactivated for 6 h time on stream (Figure 3.8A). After copper addition, no significant 
change was observed in initial conversion, however the life time was increased for both Ni 
supported H-β catalysts. The results presented in Figure 3.8B reveal that the Ni and Ni-Cu 
supported on nano-Hβ (Figure 3.8B(b)) demonstrated better H2 yields of ca.80.3 Nm3 (mol 
Ni)-1 almost twice that of commercial Hβ [40.5 Nm3 (mol Ni)-1]. Of the tested catalysts, the 
20wt%Ni-5wt%Cu supported on nano-Hβ (Figure 3.8B(d)) produced a higher H2 yield of 
210.4 Nm3 (mol Ni)-1. 
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Figure 3.8: (A) Methane conversion with time on stream until complete deactivation of the 
catalysts and (B) hydrogen yields over various catalysts. CH4 flow rate = 30 mL min
−1, 
reaction temperature = 550 °C; catalyst weight ~ 15 mg + 75 mg of -Al2O3;  
The higher H2 yields using Ni supported on nano-Hβ is explained due to the higher Ni 
metal surface area and higher dispersion of Ni on nano-Hβ (Table 3.2) compared to Ni 
supported on commercial Hβ. For Ni only catalysts, H2 pulse chemisorption studies revealed 
that Ni supported on nano-Hβ had a higher Ni metal surface area (3.2 m2/g-cat ) than the 
commercial H-β catalyst (2.3 m2/g-cat). From N2O titration measurements (Table 3.2), 
addition of Cu to Ni significantly increased the N2O uptakes on both the H-β supported 
catalysts compared to the N2O uptakes obtained using the Ni only catalysts. This 
enhancement was partly due to N2O decomposition on the added surface Cu. Analysis of the 
N2O uptakes obtained for both Ni-Cu catalysts and the Ni and Cu only catalysts, however 
showed that a significant increase in Ni surface area occurred for the Ni-Cu catalysts 
compared to the Ni only catalysts although these catalysts had the same Ni loading. The 
higher Ni surface area obtained when Cu was added. This could be explained due to the 
formation of smaller Ni particles or Ni coating Cu particles. Whilst the difference in activity 
between the two Ni only catalysts, and the difference in activity between the two Ni-Cu 
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catalysts is most likely due to the different Ni surface areas in these respective catalysts. 
Analysis of the data obtained across all four catalysts examined showed that Ni surface area 
alone cannot be used to explain the difference in activity observed between the Ni-nano and 
Ni-Cu commercial catalysts. Based on the data given in Table 3.2 the Ni-nano catalyst had a 
N2O decomposition due to Ni of ~127
1 whilst the Ni-Cu commercial had an N2O 
decomposition due to Ni of ~1201 [1N2O uptake at 550 °C – N2O uptake at 300 °C] . The 
activity (H2 yield) of the Ni-Cu commercial catalyst was however significantly higher than 
that obtained on the Ni nano catalyst (which had a slightly higher Ni surface area). The 
aforementioned is most likely due to differences in the mechanism(s) of carbon deposition 
that occurred for these two systems. There have been two main carbon deposition 
mechanisms proposed for catalytic decomposition of methane [37].  
As mentioned earlier in chapter-1, the carbon growth mechanism in methane 
decomposition is a three step adsorption-diffusion-precipitation mechanism. It is initiated by 
the adsorption of methane molecules over metallic Ni followed by deposition of carbon. 
Further diffusion of carbon through the metallic Ni particles and then precipitation of carbon 
occurs at the metal support interface. The formed graphite layers detach the metallic particle 
from the support by lifting it from the support and make the active Ni site available for the 
next incoming methane molecule. This is called a tip growth mechanism for filamentous 
carbon formation. It has been proposed that weaker metal-support interactions favour the tip-
growth mechanism of carbon nano fibers [38]. It has also been proposed that this can 
contribute to a longer life of the catalyst [17, 21, 39]. If the carbon deposited is not removed 
from the surface of the metal particle, the carbon will encapsulate the metal surface and 
deactivates the catalyst. This is called a base growth mechanism and stronger metal support 
interactions are proposed to contribute to base growth. This may be the reason for the faster 
deactivation of the Ni/comm.Hβ catalyst. Addition of Cu to Ni reduced the NiO reduction 
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temperatures (Tmax) in both the H-β supported catalysts. Shift in Tmax towards low 
temperatures (Figure 3.5) is an indication of easy detachment of Ni particles from the 
support consequently formation of carbon nanofibers and/or tubes occurs at the metal-support 
interface, with sustained activity.  
 
Figure 3.9: Plausible carbon growth mechanism of Ni based catalysts. 
The significantly higher H2 yield obtained using the commercial Ni-Cu compared to 
the Ni nano (although the Ni-Cu commercial catalyst had a lower Ni surface area) was most 
likely due to the Ni-Cu commercial catalysts having Ni sites more favourable for tip growth 
carbon deposition. From the H2 TPR profiles (Figure 3.4), Ni supported on nano H-β sample 
showed higher reduction temperature (Tmax) compared Ni-Cu supported commercial H-β. The 
high Tmax is an indication of strong interaction between Ni particles with the support. These 
stronger metal-support interactions suppress the detachment of Ni from the support that leads 
to blockage of active catalytic sites on the catalyst surface.  
 
3.4.3  Influence of reaction temperature 
The effect of reaction temperature was studied over the 20wt%Ni-5wt%Cu/nanoH-β 
catalyst over the temperature range of 450 - 600 °C. From the given data (Figure 3.10A) it 
can be seen that there was a significant increase in extent of methane conversion with the 
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increase in reaction temperature (which is expected due to the reaction being exothermic.  
However at highest reaction temperature studied, 600 °C, the catalyst underwent rapid 
deactivation compared to lower reaction temperature of 550 °C where the catalyst underwent 
less extent of deactivation. The rapid catalyst deactivation at 600 °C was most likely due to 
one or more of the following: 
- The rate of methane dissociation was more than the carbon diffusion rate resulted in 
more accumulation of carbon over the catalyst surface.  
- The chance of sintering of the Ni particles is more at higher reaction temperature.  
 From the results presented in Figure 3.10B, it can be seen that the reaction temperature of 
550 °C demonstrated the higher H2 yield of 210.4 Nm
3/molNi  compared to the other operated 
reaction temperatures. The activity studies showed that the suitable reaction temperature for 
achieving good catalytic activity over 20wt%Ni-5wt%Cu/nano-Hβ catalyst was 550 °C.  
 
Figure 3.10: (A) Methane decomposition activities over 20wt%Ni-5wt%Cu/nanoH-β catalyst 
operated at various reaction temperatures (°C), (B) Overall H2 yields obtained at various 
reaction temperatures (°C).  CH4 flow rate = 30 mL min
−1, catalyst weight ~ 15 mg + 75 mg 
of -Al2O3. 
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3.4.4 Influence of catalyst calcination temperature over CDM activities 
The CDM activities were studied over 20wt%Ni-5wt%Cu/nanoH-β catalyst, calcined 
at different temperatures from 450-750 °C. The CDM activity (Figure 3.11A) results 
obtained showed that the catalyst calcinated at lower temperatures of 450 and 550 °C 
demonstrated the higher methane conversion of ~33% with the slower deactivation rate (total 
run time of 10 and 12 h respectively). However further increased in calcination temperatures 
of 650 and 750 °C led to lowering of the methane conversions to 28% and 24% with the rapid 
deactivation (total run time of 9 and 8 h respectively) of the catalyst.  
From the data given in Figure 3.11B it can be seen that the higher H2 yields were first 
increased with the increase in calcination temperature up to 550 °C and then further increase 
in catalyst calcination temperature resulted in lower H2 yields. The reason for the lower 
activity was most likely due to the agglomeration of NiO particles at high temperature 
catalyst pretreatment conditions. These results were supported by the H2 pulse and N2O 
decomposition titration measurements, which showed the decrease in H2 and N2O uptakes at 
higher calcination temperature of 750 °C (Table 3.4). Hence it can be concluded that the 550 
°C is the suitable pretreatment temperature to obtain good catalytic activity for CDM over 
20wt%Ni-5wt%Cu/nanoH-β catalyst. 
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Figure 3.11: (A) Methane conversion rates over 20wt%Ni-5wt%Cu/nanoH-β catalyst 
calcinated at various temperatures (°C), (B) Overall H2 yields obtained at various calcination 
temperatures (°C). CH4 flow rate = 30 mL min
−1, catalyst weight ~ 15 mg + 75 mg of -
Al2O3. 
 
Table 3.4: H2 uptakes (H2 chemisorption) and H2 yields (CDM activity) over 20wt% Ni-
5wt% Cu/nanoH-β catalyst calcined at different temperatures. 
 
Calcination 
temperature (ºC) 
aH2 adsorbed 
(µmol/g) 
Ni 
Dispersion 
(%) 
N2O uptake 
(µmol/g)b 
N2O uptake 
(µmol/g)c 
dH2 yield 
(Nm3/molNi) 
450 16.5 0.97 162.4 31.4 165.3 
550 20.0 1.20 193.9 28.8 210.4 
650 12.8 0.75 125.3 26.2 82.5 
750 10.8 0.63 97.5 22.6 68.2 
     aH2 pulse chemisorption 
        bN2O uptake when the samples were reduced at 550 C/3h 
       cN2O uptake when the samples were reduced at 300 C/3h 
       dCDM activity. 
 
3.5 Characterization of used catalysts 
3.5.1 XRD analysis of the used catalysts 
The XRD patterns of the used catalysts are depicted in Figure 3.12 (catalysts were 
considered used once there activity had dropped below <1%). The XRD peaks at 2θ = 26.3°, 
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45.2°, 53.9° and 77.0° wereassigned to graphitic carbon deposited on the catalyst surface 
[ICDD # 01-0640] and the diffraction lines at 2θ = 44.4°, 51.8° and 76.4° are attributed to the 
metallic nickel (Ni0) [ICDD # 04-0836]. From the XRD profiles (Figure 3.12), it is clear that 
the presence of a graphitic carbon phase is prominent and dominant over the metallic Ni 
phase [19]. 
 
Figure 3.12: XRD patterns of the deactivated catalysts. (a) 20wt%Ni/comm.-Hβ, (b) 
20wt%Ni/nano-Hβ, (c) 20wt%Ni-5wt%Cu/comm.-Hβ and (d) 20wt%Ni-5wt%Cu/nano-Hβ 
catalysts. 
 
3.5.2 SEM and TEM analysis of deactivated samples 
The SEM images obtained of the deactivated Ni/commercial H-β, Ni/nano H-β and 
Ni-Cu/nano H-β showed whisker type carbon nanofibers (or tubes) were present on the 
aforementioned catalysts (Figure 3.13). It is observed that the deposited carbon diameter is 
nano sized and length of the tubes is in micrometers.  
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 Figure 3.13: SEM image of deactivated catalysts (A) 20wt%Ni/comm.-Hβ, (B) 
20wt%Ni/nano-Hβ and (C) 20wt%Ni-5wt%Cu/nano-Hβ catalyst. 
  TEM analysis of the deactivated catalysts also revealed the formation of carbon 
nanofibers (Figure 3.14). From the TEM analysis of both Ni-Cu supported Hβ catalysts the 
presence of Ni particles at the tips of carbon filaments confirmed that the carbon tip-growth 
(mechanism discussed earlier) occurred for both of the Cu containing catalysts (Figure 3.12 
C and D) [3, 40]. After copper addition, fine quality (size and diameter) of carbon nano 
fibers were formed in both the H-β supported catalysts whilst the Ni only catalysts do not 
show tip growth mechanism as predominant as seen for Cu containing catalysts. This 
observation is in good agreement with the CNT/CNFs formation mechanism reported in the 
literature [10]. 
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Figure 3.14: TEM images of the deactivated (A) 20wt%Ni/comm.-Hβ, (B) 20wt%Ni/nano-
Hβ, (C) 20wt%Ni-5wt%Cu/comm.-Hβ and (D) 20wt%Ni-5wt%Cu/nano-Hβ catalysts. 
 
3.6 Conclusions 
➢ Influence of metal promoter was studied over nano-Hβ supported catalysts using 
metals (P= Co, Zn, Fe, Cu) as promoters to Ni at 550 °C reaction temperature and 
ambient pressure. Cu has been identified as suitable promoter to Ni and achieved 
higher H2 yields compared to Fe, Co and Zn. 
➢ Addition of Cu led to increased Ni metal surface area 
➢ XRD of the reduced samples showed the evidence for Ni-Cu alloy formation on 
both commercial and nano H-β catalysts. Pulse N2O titration data revealed that 
N2O decomposition occurred on the surface of Cu
0, Ni0 and Ni-Cu alloy sites. It 
was established that the H2 yields were linearly related to Ni metal surface areas of 
the catalysts.  
➢ The H2-TPR measurements showed the stronger metal support interactions with 
the 20wt%Ni/com.Hβ catalyst. These strong metal-support interactions reduced 
the life of the catalyst. Addition of Cu to Ni enhanced the stability and longer 
catalyst life compared to Ni/Hβ, and consequently increased H2 yields were 
obtained.  
➢ Influence of support particle size was studied with the Ni and/or Ni-Cu supported 
catalysts by comparing the catalytic activities over commercial and nano H-β 
supports. Nano Hβ exhibited better activity (most likely due to higher Ni metal 
surface area) due to its small size and high surface area. 
➢ Cu addition favoured the tip growth mechanism. The SEM and TEM images of 
used catalysts revealed the formation of carbon nano fibers over the catalysts. 
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TEM images confirmed the tip-growth mechanism over the Ni-Cu supported -Hβ 
catalysts.  
➢ Studies on the reaction temperature and catalyst pre-treatment temperature showed 
that the significant influence on the CDM activities. 
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 Chapter-IV 
Cu promoted Ni/MCM-41 for pure hydrogen production by catalytic decomposition of 
methane: The promotional effect of Cu on carbon growth and H2 yields 
 
Abstract 
 In this chapter, Ni supported on MCM-41 catalysts was examined for fuel cell grade 
hydrogen production by catalytic decomposition of methane (CDM). The H2 yield over the 
optimized composition of 50wt%Ni/MCM-41 catalyst demonstrated 122 Nm3 (molNi)
-1 which 
was linearly correlated to the Ni metal surface area obtained by the H2 pulse chemisorption 
studies. Copper promotional effect to Ni was also studied with varied Cu loadings on 
Ni/MCM-41. The results obtained showed that the 10wt%Cu promoted 50wt%Ni/MCM-41 
catalyst demonstrated a significant improvement in H2 yields up to 204 Nm
3 (molNi)
-1. Raman 
spectra of the deactivated Ni-Cu/MCM-41 samples exhibited an increase in ordered carbon 
formation with increase in Cu loading. The Cu in close proximity to Ni particles seems to 
prevent the carbon deposition on the surface Ni sites to some extent causing the enhanced 
catalyst life. The physicochemical characteristics of the Ni and/or Ni-Cu supported on MCM-
41 catalysts were studied using N2 isotherms, XPS, XRD, SEM/TEM, H2-TPR, Raman 
spectroscopy and a combination of H2 pulse chemisorption and N2O titration techniques.  
 
The work presented in this chapter has been communicated to Energy & Fuels (submitted 
and underview). 
G. Naresh, V. Vijay Kumar, Ch. Anjaneyulu, V. Krishna, J. Tardio, S.K. Bhargava, J. Patel 
and A. Venugopal. Enhanced H2 yields over Cu modified Ni/MCM-41 catalyst during 
catalytic decomposition of methane: Promotional effect of Cu and estimation of surface Ni-
Cu alloy.   
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 4.1. Introduction 
 As mentioned earlier in Chapter-I; the supported Ni based catalysts are mostly studied 
for catalytic decompostion of methane at lower temperatures (<700 °C) [1-4]. However Ni 
based catalysts suffer from faster rates of deactivation due to carbon deposition on the 
catalyst surface via different mechanism(s) that commonly occur [5, 6]. Some of these 
mechanism(s) lead to rapid deactivation of the active nickel sites [7-9]. Two main approaches 
are proposed to improve or prolonging the life surface Ni active sites in CDM. The first 
approach is to essentially improve the number of Ni active sites present and also the stability 
whilst the second involves controlling the carbon deposition / carbon depostion mechanisms 
in a way that leads to enhanced lifetime of the active Ni sites. As discussed in Chapter-III; 
carbon depostion mechanism(s) are strongly influenced by metal support interactions and the 
particle size of the metal. Therefore the main approaches used to control carbon deposition 
mechanisms is through the development of Ni based catalysts with improved metal support 
interactions and through altering the environment of the Ni sites by virtue of doping metals. 
Moreover, improving the number of active sites and their homogeneous dispersion is also 
important as it can contribute to increased catalyst longevity during the CDM process.    
It has been reported that porous silica supports such as MCM-41 and SBA-15 also 
have the advantage for increasing Ni dispersion / Ni metal surface area as well as would 
influence the type of carbon (ordered / disordered) formed during the CDM [10]. Jia et al. 
investigated a  4.8wt%Ni/MCM-41 catalyst for CDM  process at 500 °C and 600 °C. They 
observed that the catalyst was rapidly deactivated under the conditions maintained. They also 
have reported a high amount of graphitic carbon formation (and low amorphous carbon 
formation) and found that the carbon nano fibers (CNFs) formed at 500 °C and formation of 
tubes (CNTs) were observed at 600 °C [11].  However, detailed investigations are required to 
explore MCM-41 supported Ni catalysts since silica porous structure potentially plays a 
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significant role in the quality of the CNF formed.  More over, there were not much studies 
focussed on the developing stable catalysts based on MCM-41 supported Ni for CDM. This 
set the basis for the research work presented in this chapter.   
In this work,  CDM activities were carried out over of Ni and Ni-Cu supported MCM-
41 catalsysts. As part of this study, mono (Ni and/or Cu) and bimetallic (Ni-Cu) supported on 
MCM-41 catalysts are synthesized, characterized and evaluated for the CDM process under 
optimized reaction conditions. The main objective was to study the copper promotional effect 
on the quality of CNFs/CNTs formed as well as the catalyst longevity. The studies also 
includes; the role of Ni metal surface area and the amount of Ni-Cu on the CDM activities 
were discussed. A plausible catalyst deactivation mechanism due to carbon deposition was 
disscussed using Raman spectroscopic analysis of  the deactivated catalysts.  
4.2. Experimental 
4.2.1 Materials 
All materials used in this chapter were given in Chapter-II. 
4.2.2 Methods 
All the experimental conditions/methods/procedures followed were given in Chapter-II.  
 
4.3 Results and discussion 
4.3.1 Characterisation of Ni supported on MCM-41 catalysts  
4.3.1.1 XRD analysis of the calcined and reduced samples  
 The small angle X- ray scattering (SAXS) pattern of the prepared MCM-41 is 
presented in Figure 4.1. The SAXS pattern showed an intense X- ray reflection at 2θ = 1.22 
for MCM-41, which is ascribed to the (100) reflection of the hexagonal structure of the 
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mesopores in MCM-41 material, and weak signals at 2θ = 2.19° and 2.54° which are ascribed 
to the (110) and (200) reflections of the MCM-41 [12].   
 
Figure 4.1: Small angle X- ray scattering pattern of synthesised MCM-41 sample. 
Powder X- ray diffraction patterns of the catalysts were collected and the results are 
shown in Figure 4.2. The wide angle XRD patterns of Ni loaded MCM-41 calcined samples 
exhibit its X-ray reflections at 2θ = 37.3°, 43.4°, 62.9°, 75.4° and 79.4° corresponding to 
cubic NiO [ICDD #78-0643] whilst  the broad peak at 23° is assigned to silica. The width of 
the NiO diffraction lines becomes sharper with increasing Ni loading – which is an indication 
of formation of larger NiO crystallites. The crystallite size of NiO was calculated using the 
Debye-Scherrer’s formula from the line broadening of NiO (200) peak (2θ = 43.3°) (Table 
4.1). The 10wt%Ni/MCM-41 exhibited a smaller NiO crystallite size ca.19.5 nm, which is 
increased to 58.6 nm at a loading of 60wt%Ni. The XRD analysis of (Figure 4.2B) reduced 
catalysts (550 °C in H2/Ar for 3 h) confirmed the formation of crystalline Ni
0 through the 
diffraction lines observed  at 44.47°, 51.8° and 76.2° [ICDD # 04-0836]. The crystallite size 
of Ni0 is 35 nm for the 10wt%Ni/MCM-41, which was dramatically increased to 74.0 nm at a 
nickel loading of 60wt%. 
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Figure 4.2: XRD patterns of (A) Calcined and (B) Reduced (a) 10.0, (b) 20.0, (c) 30.0, (d) 
40.0, (e) 50.0 and (f) 60wt%Ni supported on MCM-41 catalysts. 
 
4.3.1.2 N2 adsorption/desorption analysis of fresh Ni/MCM-41catalysts 
The sorption isotherms of the Ni supported on MCM-41catalysts are given in Figure 
4.3 and Table 4.3. It is evident that surface area, pore volume and average pore size 
decreased with increasing Ni loading, which was most likely due to the partial blockage of 
MCM-41 pores by the Ni particles (Table 4.1). The N2 adsorption-desorption isotherms of all 
the Ni/MCM-41 samples were all type IV, i.e. they contained features that are characteristic 
for a mesoporous material (Figure 4.3A). The isotherms obtained also showed that the 
structure of MCM-41 was not significantly altered even after Ni is impregnation (Figure 
4.3B). However, there was a ~25% decrease in pore volume due to occlusion of pores by Ni 
particles. 
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Figure 4.3: (A) N2 adsorption-desorption isotherms and (B) Pore size distribution of the (a) 
10 (b) 20 (c) 30 (d) 40.0 (e) 50 and (f) 60wt%Ni loaded MCM-41 samples. 
 
Table 4.1: Physico-chemical properties of the monometallic Ni loaded MCM-41 samples.  
Ni loading on 
MCM-41 
(wt%) 
BET-
SA 
(m2/g) 
Pore 
volume 
(cc/g)a 
Pore 
size 
(nm)b 
          H2 uptake c NiO domain 
size (nm)d 
Ni0 domain size 
(nm)e (µmol/gcat) (µmol/m2) 
MCM-41 1082 0.61 2.46    -    -    -    - 
10 984 0.59 2.45 574 0.58 19.5 35.0 
20 912 0.52 2.40 867 0.95 21.7 42.7 
30 848 0.43 2.32 976 1.15 28.9 53.0 
40 720 0.36 2.21 1398 1.94 45.4 62.6 
50 635 0.27 1.92 1470 2.31 52.6 69.2 
60 542 0.15 1.78 1883 3.47 58.7 74.0 
a Pore volume calculated from the desorption branch of N2 physisorption isotherm. 
b BJH desorption average pore diameter 
c H2-TPR analysis 
d From the XRD patterns of calcined samples using the NiO (200) plane 
e From the XRD patterns of reduced samples using the Ni(111) plane 
 
4.3.1.3 H2-TPR analysis of Ni supported on MCM-41 samples 
 The TPR patterns of 10-60wt%Ni supported on MCM-41 samples presented in 
Figure. 4.4, and their corresponding H2 uptakes are reported in Table 4.1. The H2 uptakes 
increased with increase in Ni loading (Table 4.1). The H2-TPR profiles exhibited two 
reduction maxima in all the catalysts (Figure 4.4). For the samples containing 10-40%Ni the 
second maximum reduction peak occurred at ~650 °C whilst for the samples containing 50 
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and 60%Ni this occurred at ~525 °C. The aforementioned is possibly due to the catalysts 
containing 50 and 60wt%Ni having significantly larger Ni particles which are not able to 
penetrate into pores of the MCM-41; where nickel oxide particles within the pores gets 
reduced at a higher temperature. The low temperature maxima observed for the 10wt%Ni at 
330 °C is attributed to reduction of bulk NiO particles presented outside the MCM-41 pores. 
The Tmax of the low temperature peak  shifted to higher temperatures from 330 °C to 405 °C 
with increase in Ni loading; this is most likely due to the catalysts with higher Ni loading 
having larger NiO particles [13]. These results are in good correlation with XRD results 
observed in section 4.3.1.2.  
 
Figure 4.4: TPR profiles of (a) 10, (b) 20, (c) 30, (d) 40, (e) 50 and (f) 60wt% Ni supported 
on MCM-41 samples. 
 
4.3.1.4 H2 chemisorption and N2O titration results 
 H2 pulse chemisorption and N2O titration methods were used to measure the Ni metal 
surface area of the catalysts. The data obtained from H2 and N2O titration revealed similar 
trends – namely an increase in Ni metal surface area with increase in nickel loading up to 
50wt%Ni (Table 4.2). The crystallite size of nickel is increased with increase in Ni loadings 
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on MCM-41, which is explained by the formation of large sized Ni particles (Table 4.1). 
Table 4.2: CDM activity and Ni metal surface areas of Ni loaded MCM-41 catalysts. 
a H2 pulse chemisorption, b N2O titration, c CDM activity. 
 
 
4.3.1.5 SEM and TEM analysis of calcined Ni/MCM-41 catalysts 
 The SEM image of the as synthesised MCM-41 displayed that particles are in 
spherical shape with a diameter of 300-400 nm in size (Figure 4.5A). At lower Ni loading 
(10wt%Ni) the bulk NiO species are not clearly seen (Figure 4.5B); this probably is due to 
most of the NiO species are present inside the pores of MCM-41. At higher Ni loading 
(30wt%), the size of the NiO particles are increased and most of them are accumulated (white 
spots) on the external surface of the MCM-41 support. Further increase in Ni loading to 
50wt% led to agglomerates which appeared as white patches (Figure 4.5D). 
 
 
Figure 4.5: SEM images of calcined (A) pure MCM-41, (B) 10.0 (C) 30.0 and (D) 50wt%Ni 
supported on MCM-41 samples. 
Ni/MCM-41 
(wt%) 
H2 uptake 
(µmol/g)a 
SNia 
(m2/gcat) 
N2O uptake 
(µmol/g)b 
SNib 
(m2/gcat) 
H2 yieldc 
(Nm3/molNi) 
10 17.4 1.36 48.5 1.94 33.9 
20 40.7 3.18 69.9 2.80 49.3 
30 66.5 5.19 87.8 3.52 76.4 
40 101.4 7.92 111.7 4.48 104.1 
50 152.1 11.9 132.1 5.38 122.7 
60 137.9 10.8 104.8 4.20 100.5 
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 The TEM images of these catalyst particles clearly showed absolutely spherical 
MCM-41 particles (Figure 4.6A). A highly magnified TEM image of 10wt%Ni/MCM-41 
(Figure 4.6B) did not show Ni particles at the outer surface unlike the higher Ni loaded 
samples (Figure 4.6C and Figure 4.6D). The dark spot in the porous network is an indication 
of nickel particles inside the zeolite pore. Whereas the 30wt%Ni loaded MCM-41showed the 
larger NiO particles and the particles are present in both inside and outside the pores of 
MCM-41 support. Wu et al also observed similar results; the presence of NiO particles inside 
the pores of MCM-41 support even for a 20wt%Ni/MCM-41 catalyst [13]. The 30 and 
50wt%Ni on MCM-41 samples clearly exhibited Ni particles in both inner pores (dark 
patches) and particles on the outer sphere. 
 
 
Figure 4.6: TEM images of fresh (A) pure MCM-41 (B) 10 (C) 30 (D) 50wt%Ni supported 
on MCM-41 samples. 
 
4.3.1.6 XPS analysis of calcined Ni/MCM-41 samples 
 The obtained binding energies (BE) from XPS analysis of all the samples were 
corrected using the C1s referencing line (284.6 eV). The deconvoluted Ni 2p3/2 signal of Ni 
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loaded MCM-41 samples showed two overlapping peaks at 853.5-854.0 eV and 855.6-856.0 
eV which could be assigned to NiO and Ni2O3 species respectively (Figure 4.7) [14]. In 
addition to these peaks, a shake-up satellite peak was observed in the region of 860 eV. At 
lower Ni loadings, the binding energy (BE) of Ni+2 species was observed at around 854.0 eV 
whilst at higher Ni loadings (>30 wt%) the BE is slightly shifted to 853.6 eV observed 
(Figure 4.7). These changes are observed due to the presence of small size isolated Ni+2 
species inside the pores. 
 
Figure 4.7: XPS profiles of calcined core level Ni 2p3/2 of samples of (a) 10, (b) 20, (c) 30, 
(d) 40, (e) 50 and (f) 60wt% Ni supported on MCM-41 samples. 
 
4.3.2 Characterisation of Cu modified 50wt%Ni/MCM-41 catalysts 
4.3.2.1 XRD analysis of calcined and reduced catalysts  
The XRD patterns of the copper modified 50wt%Ni/MCM-41 catalysts are presented 
after calcination and reduction in Figure 4.8. For the calcined 50wt%Ni/MCM-41; it was 
observed that the addition of Cu had an effect on the average NiO crystallite size (41.6 nm in 
Ni-Cu versus 52.6 nm in Ni only). The XRD pattern obtained for the reduced form of the Ni-
Cu catalyst was also slightly different from the XRD patterns of the reduced Ni only catalyst. 
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The diffraction lines due to metallic Ni in the Ni-Cu catalyst was shifted towards lower 
diffraction angles (Figure 4.8B inset), which is an indication of Ni-Cu alloy formation. The 
average Ni particle size in the reduced Ni-Cu catalyst was also significantly smaller than that 
observed in the reduced Ni only catalyst (Ni-Cu, 48.6 nm and Ni only 69.2 nm) (Table 4.1 
and Table 4.3). The decrease in nickel crystallite size by the addition of Cu is most likely due 
to Cu preventing the Ni crystals from sintering [30].  
 
Figure 4.8: XRD patterns of (A) Calcined and (B) Reduced catalysts. (a)  50wt%Ni/MCM-
41, (b) 50wt%Ni-5wt% Cu/MCM-41, (c) 50wt% Ni-7.5wt% Cu/MCM-41, (d) 50wt% Ni-
10wt% Cu/MCM-41 and (e) 50wt% Ni-12.5wt% Cu/MCM-41 samples. 
Table 4.3: Physicochemical properties of the bimetallic Ni-Cu loaded MCM-41 catalysts. 
Cu (wt%) in  
Cu-50Ni/MCM-41 
NiO domain  
size (nm)a 
Ni0 domain  
size (nm)b 
H2 uptake / 
(mol g-1)c 
H2 uptake / 
(mol g-1)d 
N2O uptake / 
(mol g-1)e 
N2O uptake / 
(mol g-1)f 
5.0 47.0 51.0 1754 142.5 147.5 26.3 
7.5 44.5 46.7 1940 128.3 162.0 37.8 
10.0 39.0 45.0 2290 103.7 185.4 46.4 
12.5 41.6 48.6 2362 91.5 159.30 51.0 
a XRD analysis of calcined samples using Scherrer formula  
b XRD analysis of reduced samples using Scherrer formula 
c measured from H2-TPR calibrated with a standard TPR of Ag2O 
d H2 pulse chemisorption on reduced samples at 550 C for 3h 
e N2O uptake when the samples were reduced samples at 550 C for 3h 
f N2O uptake when the samples were reduced samples at 300 C for 3h 
 
 
4.3.2.2 H2-TPR analysis of Cu modified 50wt%Ni/MCM-41 samples 
The TPR analysis of Cu loaded calcined 50wt%Ni/MCM-41 samples showed two 
reduction peaks centred at ~275 C due to CuO and  ~450 C is ascribed to NiO (Figure 4.9). 
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Upon increasing the Cu loading from 5 to 12.5wt% the CuO reduction maxima (Tmax) 
increased with increasing Cu loading whilst the Tmax of the NiO decreased was increased with 
Cu loading. The slight increase in the CuO reduction was explained by formation of large 
clusters of CuO higher with increasing Cu loading. The decrease in Tmax (450 C) for NiO 
with increasing Cu loading was most likely due to increased H2 activation by copper (which 
was reduced at lower temperature) – where metallic Cu is capable of catalysing the 
dissociation of H2 at temperatures above 300 °C to form H atoms eventually reduce the NiO 
at lower temperatures [15]. These results thus infer that a strong interaction between Ni and 
Cu to form intermetallic mixed oxides which were reduced at lower temperatures. 
 
 
Figure 4.9: TPR patterns of (a) 5.0 (b) 7.5 (c) 10.0 and (d) 12.5wt% Cu loaded 
50wt%Ni/MCM-41 samples. 
 
4.3.2.3 H2 chemisorption and N2O titration results 
The H2 chemisorption data (Table 4.2) revealed a higher H2 uptake over 
50wt%Ni/MCM-41 (152.1 µmol g-1) while compared to 50wt%Ni-12.5wt%Cu/MCM-41 
sample that showed 91.5 µmol g-1 (Table 4.3) upon successive addition of copper. The 
reason for the decrease in H2 uptake in case of Ni-Cu bimetallic catalyst is rationalized by 
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reluctance of H2 adsorption on surface Cu and also on Ni-Cu alloy species (which is already 
discussed in Chapter-III) [16]. On the contrary, addition of Cu to 50wt%Ni/MCM-41 led to 
an increase in N2O uptake (Table 4.3); since the N2O decomposition occurs on both surface 
Ni and/or Cu metallic sites and also on Ni-Cu alloy sites [17]. Whereas the decrease in H2 
uptake with increasing Cu loading was discernible due to the  presence of both segregated Cu 
and Ni along with Ni-Cu alloy particles on the surface wherein H2 chemisorption occurs only 
on surface Ni sites (predominantly) and H2 chemisorption is unlikely to occur on surface Ni-
Cu alloy and also on copper species at 60 °C [17].   
 
4.3.2.4 XPS analysis of calcined catalysts 
The XP spectra obtained for the prepared Ni-Cu catalysts are presented in Figure 
4.10A. For a Cu loading of 5wt% both Ni2+ and Ni3+ species were detected, whilst at Cu 
loadings of 7.5 – 12.5 % only Ni2+ was observed. The disappearance of Ni+3 species is 
presumably due to the strong interaction between Cu and Ni species at lower Cu loadings 
[18]. The XP spectra of Cu 2p3/2 for different Cu loaded 50wt%Ni/MCM-41 samples showed 
two signals at BE of 933.8 and 941.4 eV attributed to Cu+2 species at the near surface region 
[19, 20]. With increase in Cu loading, Cu 2p3/2 peak was shifted to lower BE value of 933.3 
eV. This shift is explained due to the charge redistribution in bimetallic Ni-Cu particles 
emphasizing the formation of Ni-Cu alloy [21]. 
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Figure 4.10: XPS profiles of calcined (B) Ni 2p3/2 and (C) Cu2p3/2 of 50wt%Ni/MCM-41 
with different Cu loadings. 
 
4.4 Activity measurements 
4.4.1 Influence of Ni loading  
 Figure 4.11 shows the CDM activity as a function of time (h) at 550 °C over Ni (10-
60wt%)/MCM-41 catalysts (all the catalysts were reduced in 4.97% H2 in Ar at 550 °C for 2 
h prior to the introduction methane). From the data given in Figure 4.11; it can be seen that 
within the first ~5 h of run there was no significant difference in activity between the 
catalysts studied as all the catalysts undergoing a decrease in activity over this time period. 
After ~10 h on stream; the activity of the catalysts started to deviate significantly where the 
CDM activity of the catalyst having the lowest loading (10wt% Ni/MCM-41) dropped to 
~15% at ~10 h compared to the most active catalyst (50wt%Ni/MCM-41) which had an 
activity of ~30% (Figure 4.11). From ~10 to 20 h; all the catalysts continue to experience 
fast deactivation with time. The extent of deactivation observed for the various catalysts in 
this period is roughly correlated with catalyst loading; where the most rapid deactivation was 
observed for the catalyst with the lowest loading whilst the catalyst having the second highest 
loading experienced the least amount of deactivation.  
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The reaction was performed until complete deactivation (<3% activity) occurred. The 
longevity order of the tested catalysts is in the following order: 10 < 20 < 30 <60 <40 <50 
wt% of Ni supported MCM-41. From the results presented in Figure 4.11B it can be seen  
that the 50wt%Ni/MCM-41 showed a better H2 yield of 122 Nm
3 (molNi)
-1 compared to the 
other Ni loadings used (Table 4.2). Figure 4.11B shows volcano shape behaviour of the 
catalysts studied with respect to hydrogen yield per molNi over Ni loaded MCM-41, whilst 
also showed that the hydrogen yields obtained were correlated closely with Ni metal surface 
area of catalysts with Ni loadings from 10 to 50%. The results obtained from the catalyst with 
60wt% Ni loading, however did not agree with the aforementioned trend as the H2 yield 
obtained using this catalyst was lower than that obtained using the 40wt% Ni catalyst 
although the 60wt% Ni catalyst had a higher Ni surface area. The lower activity of the 60wt% 
Ni catalyst compared to the 40wt% Ni catalyst is probably due to 
-different Ni environments which was confirmed by the H2-TPR measurements, 
-difference in Ni particle size.   
 
Figure 4.11: (A) Methane conversion (mole%) with time (h) over Ni loading on MCM-41 
catalysts. (B) Relationship between Ni metal surface area and H2 yields vs Ni loading on 
MCM-41 catalysts. CH4 flow rate = 30 mL min
−1, reaction temperature = 550 °C; catalyst 
weight ~ 20 mg + 80 mg of -Al2O3; 
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4.4.2 Influence of Cu loading on Ni/MCM-41  
 Based on the encouraging results obtained (Chapter-III; the promotional effect of 
copper on the Ni/H-β catalysts); it has been decided to investigate the addition of Cu to the 
most active catalyst i.e. 50wt%Ni/MCM-41. The influence of varying amounts of Cu on this 
catalyst is shown in Figure 4.12.  It can be seen that copper addition didn’t have a significant 
effect on the maximum amount of methane conversion obtained at the beginning of testing 
(~35%) however it did increase the longevity of the catalyst. The greatest longevity was 
obtained with the 50wt%Ni-10wt%Cu/MCM-41 which was active (>3% methane 
conversion) up until ~75 h whilst the catalyst having no Cu was sustained only for ~35 h. The 
H2 yields obtained for the catalysts with different Cu loadings are presented in Figure 4.12B. 
As expected the Cu containing catalyst with the greatest longevity also achieved the highest 
H2 yield as the CDM process generates exclusively H2 and carbon (CNTs/CNFs). From the 
data presented in Figures 4.12A and B it can be seen that longevity / H2 yield increased with 
increasing Cu loading up until 10wt%, whilst increasing the Cu loading further to 12.5% led 
to a significant decrease in longevity / H2 yield. The aforementioned is most likely due to one 
or more of the following: 
- The decrease in Ni metal surface area as observed from the N2O titration data.  
- Presence of more copper (copper enrichment) in Ni-Cu alloy caused the faster 
carbon saturation. 
An elaborate discussion is made in section 4.5.  
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Figure 4.12: (A) Methane conversion (mole%) with time (h) over 50wt%Ni/MCM-41 with 
different Cu (wt%) loadings and (B) H2 yields against Cu loadings. CH4 flow rate = 30 mL 
min−1, reaction temperature = 550 °C; catalyst weight ~ 20 mg; 
 
4.4.3 Characterization of deactivated catalysts 
4.4.3.1 XRD analysis of spent catalysts 
The XRD patterns of Cu modified 50wt%Ni/MCM-41 samples recovered after CDM 
reaction are reported in Figure 4.13. The main diffraction lines present for all catalysts were 
at 2θ = 44.2°, 51.7° for Ni0 (ICDD # 04-0836) and the peaks at 2θ = 26.1° and 42.9° [ICDD # 
01-0640] are due to the carbon generated. The crystal size of the Ni particles of deactivated 
catalysts could not be estimated as the major difraction lines of the metallic Ni overlapped 
with the formed graphitic carbon line.  
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Figure 4.13: XRD profiles of deactivated samples (a)  50wt%Ni/MCM-41, (b) 50wt% Ni-
5wt% Cu/MCM-41, (c) 50wt% Ni-7.5wt% Cu/MCM-41, (d) 50wt% Ni-10wt% Cu/MCM-41 
and (e) 50wt% Ni-12.5wt% Cu/MCM-41 samples. 
 
4.4.3.2  SEM and TEM images of used catalysts  
 The morphology and size of the deposited carbon for the 50Ni/MCM-41 and 50Ni-
10Cu/MCM-41 catalysts were examined using SEM and TEM imaging of spent catalysts. 
The carbon on both samples was mostly in the form of carbon nanofibers that were 
approximately a few micro meter in length and approximately 50 nm diameter (Figure 4.14). 
For both catalysts it can be seen that Ni particles were mostly found at the tip of the CNFs 
indicating that a tip growth mechanism for carbon formation [22, 23]. It has been found that 
the diameter of the CNFs is approximately equal to the size of the Ni particle present at the 
tip. These results are well supported by the previous literature of carbon growth mechanism 
over the supported Ni catalysts [24]. From the images shown in Figure 4.14; it can be seen 
that the CNFs produced over 50wt%Ni-10wt%Cu/MCM-41 deactivated catalyst was 
significantly longer than those obtained in the absence of Cu, i.e. 50wt%Ni/MCM-41. This 
result is consistent with this catalyst having significantly greater longevity than the catalyst 
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that contained no copper. 
 
Figure 4.14: Images of deactivated samples: (A) SEM of 50wt%Ni/MCM-41 (B) 50wt%Ni-
10wt%Cu/MCM-41; TEM pictures of (C) 50wt%Ni/MCM-41 (D) 50wt%Ni-
10wt%Cu/MCM-41. 
 
4.4.3.3 Raman spectroscopic analysis of deactivated catalysts 
 The Raman spectra obtained for the 50wt%Ni/MCM-41 deactivated catalysts 
containing varying Cu loadings shows two distinct bands at  around 1320 cm-1 (attributed to 
D-band; which is assigned as amorphous carbon and/or structural imperfections in graphite 
layers) and the band at 1580 cm-1 is ascribed to highly crystalline graphitic carbon i.e. G-
band). The G  band is  associated with sp2 hybridised in plane carbon-carbon stretching 
vibration [24]. The frequency and intensity of the ‘D’ and ‘G’ Raman shifts reveals the 
degree of crystallinity of deposited carbon and the ratio of ID/IG (at FWHM of D and G 
bands) represents the crystalline order of graphite (Figure 4.15) [25, 26]. From Figure 4.15, 
it is clear that a significantly high proportion of amorphous carbon formed using the catalyst 
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without Cu (high ID/IG ratio) compared to the catalysts containing Cu. The proportion of 
amorphous carbon formed also was found to decrease with increasing Cu loading (i.e. the 
proportion of graphitic carbon formed increased with increasing Cu loading). These results 
show that Cu clearly plays an important role in the precipitation of carbon at the interface. 
This role of Cu is discussed in more detail in section 4.5. 
 
Figure 4.15: Raman spectra of deactivated (a) 0.0 (b) 5.0 (c) 7.5 (d) 10.0 and (e) 12.5wt%Cu 
loaded 50wt%Ni/MCM-41 samples. 
 
4.5 Discussion 
 The obtained results showed that the addition of Cu to Ni/MCM-41 increased the life 
time of the catalysts to certain extent, which consequently resulted to higher hydrogen yields 
(Figure 4.9). Based on the characterisation results discussed in section 4.3.1, the addition of 
Cu to Ni/MCM-41 resulted in the formation of Ni-Cu alloy (this was supported by the XRD 
results where the diffraction lines due to Ni shifted with increasing Cu loading). Based on the 
characterisation results obtained; it is not possible to know whether or not all of the added Cu 
forms Cu-Ni alloy(s). Therefore it is possible that a portion of the added Cu exists in other 
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form(s). The characterisation results showed that the addition of Cu clearly influenced the 
size of the Ni particles (Ni-Cu particles) obtained where the average size of the Ni and Ni-Cu 
particles were significantly smaller when Cu was added (Table 4.3). The influence of the Cu 
on Ni particle size was observed in the reduction step used to prepare the catalysts where the 
bimetallic catalysts exhibited not much change in crystal size of Ni before and after the 
reductive treatment (Table 4.3); whilst a significant increase in Ni crystal size was observed 
over mono metallic Ni/MCM-41 catalysts after the reduction (Table 4.1). From H2 TPR 
measurements, it was also found that addition of copper led to the NiO being reduced more 
readily at lower temperatures (Figure 4.9).      
With regards to the mechanism of reaction it was found that the addition of Cu had a 
significant influence on the carbon growth mechanism (section 4.4.5.3). Previous studies 
have shown that CDM activity over a supported Cu only catalyst is almost negligible 
compared to Ni owing to its rapid decline in active Cu surface area during carbon the growth 
[27]. Ammendola et al studied the Cu catalysed CDM activity over alumina supported 
catalysts, they achieved the maximum conversion of up to 40% at 800 °C and rapid 
deactivation of catalyst was observed [28]. However the inability of copper catalyst for CDM 
is mainly because of its low carbon diffusion rate as Cu is known as an ideal catalyst for 
monolayer perfect graphene synthesis, moreover, the Tamman temperature (the temperature 
at which exactly sintering begins) of supported Cu catalyst is too low. The carbon solubility 
in Cu is too low <0.001 atom% at 1000 C and it has a tendency of self-limiting surface 
deposition of carbon which increases the monolayer graphene formation resulting in faster 
deactivation of the catalyst [29]. On the contrary, the carbon solubility of Ni is relatively high 
∼1.3 at% of carbon at 1000 °C (~ three orders of magnitude higher) thus showing its ability 
to diffuse carbon atoms easily through Ni particle [30]. By the addition of Cu to Ni, stable 
Ni-Cu alloy was formed owing to their electronic and crystallographic properties. Once the 
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Ni-Cu alloy is formed, due to the negligible carbon solubility of Cu, the carbon diffusion 
through the Ni-Cu particle is most likely slowed down significantly; consequently that makes 
the selective precipitation of carbon take place at the interface of the Ni-Cu particle that leads 
to more graphitic natured carbon formation. These results were supported by the Raman 
spectroscopic analysis of deactivated catalysts (Figure 4.15), which showed that 
50wt%Ni/MCM-41 has an ID/IG ratio of 7, whilst the 50wt%Ni-10wt%Cu/MCM-41 catalyst 
had an ID/IG of 1.7. These results clearly support the aforementioned discussion of copper 
influence on the carbon growth mechanism. Although 50wt%Ni-12.5wt%Cu/MCM-41 
showed more graphitic carbon formation (ID/IG=1.5) it had   a lower activity and slightly 
shorter life time than the 50wt%Ni-10wt%Cu/MCM-41 with lower hydrogen yields. This was 
explained due to excessive loading of Cu to Ni (12.5wt%)  leading to a significantly 
decreased diffusion rate of carbon through Ni-Cu alloy particles resulting  in rapid carbon 
saturation that eventually  led to surface carbon accumulation and subsequently  faster 
deactivation of the catalyst occurred.  
 
4.6 Conclusions 
❖ 50wt%Ni/MCM-41 exhibited higher H2 yield of 122 Nm3/molNi among all the MCM-
41 supported Ni catalysts with varying Ni loadings. 
❖ SEM images showed spherical MCM-41 particles and the TEM analysis revealed that 
most of the nickel particles are present on the outer surface of the MCM-41 at higher 
Ni loadings. 
❖ H2 and N2O pulse chemisorption studies revealed that the higher Ni metal surface area 
was observed in case of 50wt%Ni/MCM-41 catalyst compared to catalysts with varied 
Ni. 
❖ The beneficial role of Cu addition to Ni/MCM-41 catalysts was rationalized based on 
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the physicochemical characteristics of the fresh, reduced and deactivated catalysts by 
various adsorption and spectroscopic techniques. 
❖ Specific amount of copper loading i.e. 10wt%Cu to 50wt%Ni/MCM-41 further 
increased the longevity of the catalyst as result of it higher H2 yields are obtained. 
❖ H2 TPR measurements showed that the addition of copper to Ni/MCM-41   
significantly shifted the reduction maxima to low a temperature which was due to the H2 
activation on Cu species that were responsible for reduction of NiO species at low 
temperatures. 
❖ XRD patterns of calcined and reduced samples revealed the copper addition 
minimised the sintering of the Ni particles. 
❖ Raman spectroscopic studies on copper modified 50wt%Ni/MCM-41 deactivated 
catalysts showed the presence of more graphitic carbon formation with the increase in 
copper loading. Copper in close contact to Ni surface was influenced the catalyst 
deactivation mechanism by precipitating the high quality graphitic carbon formation. 
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Chapter-V 
Promotional effect of framework Al during CH4 cracking to COx free H2 production 
over Ni-Cu supported on Al-MCM-41 catalysts 
 
Abstract 
The Ni-Cu supported on different forms of silica such as non-porous (fumed SiO2), 
micro-porous (silicalite-1), mesoporous (MCM-41) and Al-MCM-41 (with varied Si/Al ratio 
= 150 and/or 75) samples were examined for the COx free hydrogen production by catalytic 
decomposition of methane (CDM). The 27Al solid state MAS NMR spectroscopic studies 
distinguished the presence of framework and extra framework Al over Al containing MCM-
41 samples. The H2 and N2O pulse titration results showed an increase in Ni and Cu 
dispersion upon Al incorporation into the MCM-41 framework. The surface and bulk 
characteristics of the catalysts after calcination / reduction revealed that the larger pore size 
of MCM-41 stabilises the Ni rich alloy and preventing the sintering of active Ni-Cu alloy 
sites. The framework Al (tetrahedral) increased the surface Ni-Cu alloy formation. The 
superior CDM performance of Ni-Cu/Al-MCM-41(Si/Al-150) compared to Ni-Cu supported 
on the other SiO2 are rationalized by BET - surface area, XRD, H2-TPR, XPS, H2 pulse 
chemisorption, N2O titration, Raman spectroscopy, TEM and 
27Al solid state MAS NMR 
techniques.  
 
The work presented in this chapter has been communicated to Applied Catalysis A: General. 
G. Naresh, V. Vijay Kumar, Ch. Anjaneyulu, V. Krishna, J. Tardio, S.K. Bhargava, J. Patel 
and A. Venugopal. Promotional effect of Ni-Cu alloy nanoparticles interacted with 
framework Al-MCM-41 in CH4 cracking to COx free H2 production and carbon with highly 
ordered CNTs.  
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5.1 Introduction 
The results obtained from the previous chapters demonstrated that active Ni metal 
surface area and the mechanism of carbon growth were two major factors that influenced the 
longevity of the Ni based catalysts on the CDM process. These factors were identified 
through studies which involved; modifying Ni based catalysts through either the addition of 
Cu and /or modification of the support. With regards to support type; the results discussed in 
the previous two chapters pertained that for the Ni-Cu on nano Hβ catalyst gave higher H2 
yield per mol of Ni as compared to the MCM-41. The aforementioned result is consistent 
with the findings of Inaba et al and Ashok et al who have also reported that Ni only supported 
on zeolite catalysts (USY and HY) were more active for CDM compared to Ni only silica 
supported catalysts (SiO2 and SBA-15) [1, 2]. There is no clear reasoning for the differences 
in activity of zeolite supported Ni catalysts over Ni only silica catalysts, however it is likely 
one or more of the following differences between these support types contribute to the 
differences in activity was observed.  
-Ni metal surface area and metal support interactions 
-Differences in surface area and pore size of the used supports 
-Influence of the presence of Al – (nano H-β contains Si/Al-36 and MCM-41 is pure 
silica)  
Based on the finding that zeolite / zeolite type supported Ni catalysts showed better 
activity / longevity than silica supported Ni catalysts; it was decided to investigate the use of 
a modified silica support i.e. zeolite type support, namely Al modified MCM-41. There had 
been no detailed comparative study investigating the porous structure influence of silica 
support and also introduction of Al- in to the frame work of silica (different Si/Al ratios) for 
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Ni-Cu based catalysts and their catalytic performance towards the CDM process, which set 
the objective of the present work.  
In this chapter, three siliceous materials (with different pore sizes and properties; 
fumed silica, silicate-1 with MFI topology and mesoporous silica i.e. MCM-41) and an Al-
MCM-41 (Si/Al = 150 and/or 75) supports were investigated. The main objective was to 
investigate the influence of Si/Al ratio of the supports for Ni-Cu catalysts in order to improve 
the longevity of the catalysts for CDM.   
   
5.2 Experimental section 
5.2.1 Materials 
All the materials used in this chapter were mentioned in Chapter II. 
5.2.2 Catalyst preparation 
The synthesis procedures of the supports used [silicate-1, MCM-41, Al-MCM-41 
(with Si/Al = 150), Al-MCM-41 (Si/Al = 75)] were detailed in Chapter II [3, 4]. The 
bimetallic Ni and Cu supported (50wt%Ni-10wt%Cu) on the aforementioned silica supports 
were obtained using a simple co-impregnation method. 
   
5.3 Results and discussion 
5.3.1 XRD analysis  
 The X-ray diffraction patterns of the fumed silica, silicate-1and SAXS pattern of 
MCM-41 and Al-MCM-41 (with Si/Al = 75 and 150) supports (prior to impregnation with Ni 
and Cu) are shown in Figure 5.1. The synthesised silicalite-1 is crystalline and its major XRD 
lines (Figure 5.1A) were matched well with those of silicalite-1 similar to those reported in 
the literature and the fumed silica showed a broad peak due to its amorphous nature [5]. A 
sharp Bragg peak ascribed to the (100) reflection of the hexagonal structure of the mesopores 
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is observed at 2θ =1.22° and weak diffraction lines attributed to (110) and (200) reflections 
are seen at 2θ = 2.19° and 2.54° respectively (Figure 5.1B) [4]. Presence of the 
aforementioned SAXS patterns indicated that the synthesised MCM-41 and Al-MCM-41 
(Si/Al = 75 and 150) were well-ordered regular mesoporous structures [4].  
 
Figure 5.1: (A) XRD patterns of the pure supports and (B) SAXS patterns of MCM-41 
samples. 
 XRD patterns recorded at high angles for the calcined Ni-Cu supported catalysts are 
presented in Figure 5.2. All the samples exhibited diffraction lines at 2θ = 37.2°, 43.3°, 
62.9°, 75.4° and 79.4° corresponding to cubic NiO phase (ICDD # 78-0643) whereas the 
fumed silica and silicate-1 supported samples showed weak additional diffraction lines at 
35.5° and 38.7°; assigned to CuO (ICDD # 05-0661) phase. In contrast no diffraction lines 
corresponding to CuO or other Cu-containing species were detected over Ni-Cu supported on 
MCM-41 and Al-MCM-41 samples. This discrepancy is likely due to the higher surface area 
and larger pore size of MCM-41 and Al-MCM-41 samples which can enhance the dispersion 
of metal species. Moreover it may also be due to the size of the Cu species present in these 
supports being mostly below the X-ray detection limit. The mean particle size of the NiO 
particles in the different catalysts was calculated using the Debye-Scherrer equation and the 
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corresponding results are reported in Table 5.2. Formation of smaller NiO crystallites is 
observed on silicate-1 and fumed silica, while larger size crystallites were found on MCM-41 
and Al-MCM-41 supported catalysts. These results are in accordance with earlier reports on 
Ni supported catalysts wherein the large sized metal particles are stabilised in larger pores of 
the zeolite [6]. 
 The XRD patterns of reduced catalysts showed an increase in metallic Ni particle size 
with increase in pore size of the support (Figure 5.2B). When Al- was introduced into the 
(MCM-41) silica framework; a shift in diffraction line to lower angle is observed, which is 
consistent with Ni-Cu alloy formation as discussed in Chapters III and IV. The peak at 43.4° 
is due to a Cu-rich Ni-Cu alloy phase and the peak between 43.4° and 44.5° is ascribed to a 
Ni-rich Ni-Cu alloy [7]. The diffraction line corresponding to Ni0 is slightly shifted to lower 
angle at 2 = 44.3° (ICDD # 47-1406) on Al-MCM-41 in both the Si/Al = 75 and 150 
samples while on pure siliceous supports (fumed, silicate-1 and MCM-41) Ni rich Ni-Cu 
alloy was formed.  
 
Figure 5.2: XRD patterns of the (A) Calcined and (B) Reduced catalysts. (a) 50wt%Ni-
10wt%Cu/fumed silica, (b) 50wt%Ni-10wt%Cu/silicate-1, (c) 50wt%Ni-10wt%Cu/MCM-41, 
(d) 50wt%Ni-10wt%Cu/Al-MCM-41 (Si/Al = 150) and (e) 50wt%Ni-10wt%Cu/Al-MCM-41 
(Si/Al = 75)  catalysts. 
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5.3.2 Surface area and porosity 
 Figure 5.3A and 5.3B show the nitrogen adsorption–desorption isotherms for the 
support materials and the corresponding pore diameter distributions calculated using the BJH 
method. The BET surface area, total pore volume and average pore diameter are reported in 
Table 5.1. The fumed silica showed a lower surface area of ~395 m2/g and the isotherm 
obtained for this material was indicative of low porosity. The isotherm for the silicalite-1 
material was Langmuir-type (type I) with very similar horizontal adsorption and desorption 
branches, which is typical for a microporous material (mean pore diameter of silicate-1 was 
~0.37 nm (Figure 5.3, Table 5.1). The MCM-41 and both Al- containing MCM-41 samples 
showed type IV isotherms with a hysteresis loop which confirmed the mesoporous nature of 
these materials. The N2 adsorption-desorption isotherms for the MCM-41 and both Al-
containing MCM-41 samples showed a steep rise at 0.2 to 0.5, which indicates the capillary 
condensation of nitrogen in the mesopores of ca. 2 to 3 nm diameter. After Al- insertion into 
MCM-41 the mean pore size was narrowed to 2.3 to 2.4 nm. The observed isotherms and 
adsorption properties are consistent with previous reports on MCM-41 [4]. 
 
 
Figure 5.3: (A) Nitrogen adsorption-desorption isotherms, (B) BJH pore size distribution 
curves. 
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Table 5.1: Porosity characteristics of the silica supports. 
Catalyst name BET-SA 
(m2/g)a 
Pore 
volume 
(cc/g)b 
Pore size 
(nm)c 
Fumed silica 395 - - 
Silicate1 451 0.19 0.37 
MCM-41 1082 0.48 2.45 
Al-MCM-41(150) 1150 0.53 2.37 
Al-MCM-41(75) 1185 0.54 2.28 
                                       a Multi-point BET surface area.  
                                       b Pore volume calculated from the desorption branch of N2 physisorption isotherm. 
                                       c BJH desorption average pore diameter.    
 
 Impregnation of Ni-Cu on these supports showed a large decrease in surface area for 
the respective supports which is an indication of the incorporation of Ni and Cu species, 
which particularly block the pores and reduce the surface area (Table 5.2). 
Table 5.2: Physico-chemical properties of the supported Ni-Cu catalysts. 
 
50wt%Ni-10wt%Cu 
supported on 
BET-
SA 
(m2/g) 
H2 uptake  
(µmol/gcat)
a 
NiO 
domain 
size 
(nm)b 
Ni0 
domain 
size 
(nm)c 
Fumed silica 86 1436 26.8 32.6 
Silicate-1 93 1463 30.3 41.5 
MCM-41 575 1497 39.0 45.0 
Al-MCM-41(150) 597 1635 36.4 37.8 
Al-MCM-41(75) 530 1552 42.0 43.7 
aH2-TPR analysis 
bXRD analysis of calcined samples 
cXRD analysis of reduced samples 
 
5.3.3 Solid state 27Al MAS-NMR 
 The 27Al MAS-NMR spectra of both Al-MCM-41 supports and their metal loaded 
samples showed (Figure 5.5) two broad peaks. The signal at 52 ppm is ascribed to 
framework tetrahedral Al atoms and the signal at ~ 0 ppm is due to octahedral Al species 
(Figure 5.5) [8]. The octahedral Al species are comprised of two types, extra framework Al 
and lattice-connected octahedral Al species [9].  
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Figure 5.4: Formation of different types of Al species in mesoporous zeolites. 
 In the case of the Ni-Cu/Al-MCM-41 catalysts, it  has been proposed by Klimova et al 
that the lattice connected octahedral Al atoms can reversibly change their coordination from 
octahedral to tetrahedral if the chemical environment of these Al atoms is changed (for 
example by the addition of a metal such as Ni) [8, 10]. From the results presented in Figure 
5.5 it can be seen that the ratio of tetrahedral to octahedral Al species of both Al-MCM-41 
supports increased after Ni and Cu deposition. It is proposed that the octahedral Al species 
that change to tetrahedral after addition of Ni and Cu are predominantly lattice connected 
(and that the extra framework Al is not affected by the addition of Ni and Cu). The 
aforementioned results are in good agreement with previous studies [10]. Moreover Ni-Cu 
doped on Al-MCM-41 (Si/Al-150) showed a higher number of tetrahedral Al species 
((Td/Oct)Al =2.17) compared to Ni-Cu/Al-MCM-41(Si/Al-75) which had ratio of (Td/Oct)Al = 
1.28). Finally it can be concluded that the increase in Al (low Si/Al ratio) causes an increase 
in the formation of octahedral Al species. 
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Figure 5.5: 27Al MAS NMR of Al-MCM-41 supports and supported catalysts (a) Al-MCM-
41(Si/Al-150), (b) 50wt%Ni-10wt%Cu/Al-MCM-41(Si/Al-150), (c) Al-MCM-41(Si/Al-75)   
and (d) 50wt%Ni-10wt%Cu/Al-MCM-41(Si/Al-75) samples.  
 
5.3.4 29Si NMR spectroscopic studies 
 The 29Si NMR spectra of the MCM-41, Al-MCM-41(Si/Al-150) and Al-MCM-
41(Si/Al-75) supports and their Ni-Cu impregnated samples are shown in Figure 5.6. All the 
samples showed a broad peak at -111 ppm, which can be attributed to Q4 species and are the 
Si(4Si) structural units in each sample. In addition to this, Al containing samples showed two 
shoulder peaks at -108 ppm and -100 ppm respectively. The shoulder peaks ranging from  -
103 to -108 ppm are  due to Q3 silicon’s representing  the Si(1Al) or Si(OSi)3OH sites and the 
peak around -100 ppm appeared are ascribed to Q2 silicons which are in Si(OSi)2(OH)2 
species [4, 11].  
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Figure 5.6: 29Si MAS NMR spectra of MCM-41 supports and supported Ni-Cu catalysts (a) 
MCM-41, (b) Al-MCM-41(Si/Al-150), (c) Al-MCM-41 (75), (d) 50wt%Ni-10wt%Cu/MCM-
41, (e) 50wt%Ni-10wt%Cu/Al-MCM-41(Si/Al-150) and (f) 50wt%Ni-10wt%Cu/Al-MCM-
41(Si/Al-75) samples.  
 
5.3.5 H2-TPR analysis 
 The H2-TPR profiles of the catalysts studied are presented in Figure 5.7 and the 
corresponding H2 uptakes are reported in Table 5.2. All the supported Ni-Cu (silicate-1, 
MCM-41 and Al-MCM-41 (with Si/Al -75 and Si/Al-150) catalysts showed two stage 
reduction behavior due to the reduction of CuO and NiO species. The results obtained 
showed that the Ni-Cu supported on pure silica samples (fumed silica, silicate-1 and MCM-
41) possessed more or less similar H2 uptakes (Table 5.2) whereas incorporation of Al into 
the MCM-41 framework led to higher H2 uptakes which indicates a higher  extent of  NiO + 
CuO reduction compared to the non aluminium MCM-41 supported catalysts. The increase in 
H2 uptakes is explained by a weak interaction of metal particles with the support. The H2 
TPR profiles (Figure 5.7) of Ni-Cu supported fumed silica exhibited a higher NiO reduction 
Chapter-V                                                            Promotional effect of Al on Ni-Cu/MCM-41 
129 | P a g e  
 
temperature (Tmax) at 455 °C whereas the MCM-41 showed lower Tmax at around 425 °C for 
NiO reduction. The high temperature Tmax is an indication of strong interaction of NiO 
particles with the silica support or more Ni rich alloy formation on the catalyst since Ni only 
catalysts showed the reduction temperature around ~ 450 °C [12]. For the samples containing 
Al; the majority of the NiO undergone at low temperatures (Tmax 395 °C) compared to those 
observed for the samples without Al (Figure 5.7d and 5.7e). The decrease in NiO reduction 
temperature is most likely due to a significant amount of the NiO present being in a different 
environment as compared to that in the non Al containing samples – it is proposed that this 
environment is one where there is greater NiO-CuO interaction [13, 14]. Such interaction can 
lead to a higher hydrogen spill over phenomenon from copper to Ni, which in turn resulted in 
a greater ease of reducibility and lower Tmax for NiO. 
 
Figure 5.7: TPR profiles of calcined (a) 50wt%Ni-10wt%Cu/fumed silica (b) 50wt%Ni-
10wt%Cu/silicate-1, (c) 50wt%Ni-10wt%Cu/MCM-41, (d) 50wt%Ni-10wt%Cu/Al-MCM-
41(Si/Al-150) and (e) 50wt%Ni-10wt%Cu/Al-MCM-41(Si/Al-75)  catalysts. 
 
5.3.6 H2 pulse chemisorption and N2O titration measurements 
 The H2 chemisorption data obtained for the samples studied is given in Table 5.3. 
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From the data given in Table 5.3 it can be seen that the Ni-Cu/Al-MCM-41 (Si/Al-150) 
catalyst had the highest Ni surface area (9.5 m2/gcat), whilst the Ni-Cu/fumed silica had the 
lowest Ni surface area (1.16 m2/gcat). The lower Ni surface area for the fumed silica and 
silicate-1 supported catalysts; compared to the MCM-41 supported catalysts was most likely 
due to these supports having significantly lower surface area than MCM-41 and hence the 
lower Ni dispersions were observed on these catalysts (similar results were observed for Cu 
based catalyst on the N2O titration results).  
 From the data presented in Table 5.3, it can be seen that the Ni surface area for the 
different MCM-41 supported catalysts did vary, where the Al-MCM-41 (Si/Al-150) showed 
higher Ni surface area than the Al-MCM-41 (Si/Al-75) sample. Anyuan Yin et al reported 
that presence of framework Al species in mesoporous silica framework creates more defects 
and these defect sites would increase the dispersion of active metals and also minimise the 
sintering of the active sites during the thermal treatments by calcination/activation [15]. 
When excess Al-is added, the decrease in H2 uptake was explained by lower dispersion of 
metal since excessive Al covers the surface of catalyst, which is in accordance with the 
results reported by Agrell et al [16].  
 Finally it can be concluded that surface enrichment of copper seems to be higher in 
the case of Ni-Cu supported on Al-MCM-41 (Si/Al-150) catalyst. The aforementioned results 
were consistent with the TPR results obtained (Table 5.2) where the Ni-Cu/Al-MCM-
41(150) catalyst had the highest H2 uptake. 
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Table 5.3: H2 pulse chemisorption and N2O titration data over Ni-Cu supported silica 
catalysts. 
a H2 pulse chemisorption when the catalysts are reduced at 550 C/3h 
b N2O uptake on samples when the catalysts are reduced at 550 C/3h 
c N2O uptake on samples when the catalysts are reduced at 300 C /3h 
 
5.3.7 XPS analysis of reduced catalysts 
The XP spectra of the reduced catalysts are presented in Figure 5.8. The 
deconvoluted spectrum of the Ni 2p3/2 region showed  two peaks with binding energies at 
~852.8 and ~855.5 eV indicating the presence of Ni0 and Ni2+ species (NiO) in the near 
surface region [17]. Similarly the Cu2p3/2 spectra exhibit  two Cu 2p species were present - 
Cu+1/Cu0 (932.8) and Cu+2 (934.7 eV). It is noteworthy to point out that the appearance of 
oxidic nickel and copper species even after reduction is explained due to the inevitable 
exposure of the catalyst sample to air during the sample loading to the spectrophotometer. 
The Ni 2p3/2 spectra showed that the Al containing samples showed a shift towards lower 
binding energy compared to non-aluminium silica supported catalysts. The lower binding 
energy shift of Ni2p3/2 is mainly due to more charge transfer from Cu to adjacent Ni due to 
the large extent of Ni-Cu alloy formation [18]. The Cu 2p3/2 spectra showed a binding energy 
shift in aluminum containing samples which is indicative of the charge compensation 
phenomenon that can occur in bimetallic catalysts.  
50wt%Ni-10wt%Cu 
supported on  
H2 uptake 
(µmol/g)a 
Ni 
(% D) 
SNi  
(m2/gcat) 
N2O uptake 
(µmol/g)b 
N2O uptake 
(µmol/g)c 
Fumed silica  49.3 1.16 3.8 80.6 23.8 
Silicate-1 57.4 1.34 4.5 99.2 31.6 
MCM-41 103.7 2.43 8.1 185.4 46.4 
Al-MCM-41(150) 121.7 2.85 9.5 221.5 64.7 
Al-MCM-41(75) 112.2 2.63 8.7 196.7 53.3 
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Figure 5.8: XPS of reduced (A) Ni 2p3/2 and (B) Cu 2p3/2 of the Ni-Cu supported SiO2 
catalysts. (a) 50wt%Ni-10wt%Cu/fumed silica, (b) 50wt%Ni-10wt%Cu/ silicate-1 (c) 
50wt%Ni-10wt%Cu/MCM-41, (d) 50wt%Ni-10wt%Cu/Al-MCM-41(Si/Al-150) and (e) 
50wt%Ni-10wt%Cu/Al-MCM-41(Si/Al-75)  catalysts. 
From the surface composition data (Table 5.4), it was clear that the Ni-Cu/Al-MCM-
41 had higher surface Ni and Cu compared to the other silica supported catalysts (fumed 
silica and silicate-1). The aforementioned is supported by the pulse H2 and N2O titration 
studies where higher H2 and N2O uptakes were observed for the Al containing samples 
(Table 5.3). 
Table 5.4: Semi quantitative surface compositions (atomic %) of reduced Ni-Cu supported 
catalysts. 
Catalyst Ni Cu Al Si O 
50Ni-10Cu/fumed silica 13.26 4.12 - 33.64 48.98 
50Ni-10Cu/silicate-1 13.84 4.46 - 32.43 49.27 
50Ni-10Cu/MCM-41 14.95 4.82 - 33.86 46.37 
50Ni-10Cu/Al-MCM-41(150) 21.26 5.96 2.2 32.72 37.86 
50Ni-10Cu/Al-MCM-41(75) 19.76 5.43 4.7 33.50 36.61 
 
 
5.3.8 Methane decomposition activity measurements 
 Figure 5.9A shows the CDM activity as a function of time (h) at 550 °C over 
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bimetallic (Ni-Cu) supported on different silica supports. From the data given in Figure 5.9A 
it can be seen that within the first ~15 hours of testing there were no significant differences in 
activity between the catalysts studied with all undergoing a slight decrease in activity over 
this time period. From ~30 h on stream, the activity of the catalysts started to deviate 
significantly where the activity of the Ni-Cu/fumed silica catalyst dropped to ~18% at ~30 h 
compared to the most active catalyst at ~30 h [(Ni-Cu/Al-MCM-41(Si/Al-150)] which had an 
activity of ~30%. From ~30 h to 70 h on stream the Ni-Cu/fumed silica and Ni-Cu/silicate-1 
catalysts underwent rapid deactivation where the activity of the Ni-Cu/fumed silica and Ni-
Cu/silicate dropped to below 3% activity at 55 h and 67 h respectively. The other catalysts 
investigated [(Ni-Cu/MCM-41, Ni-Cu/Al-MCM-41(Si/Al=150 and 75)] however displayed 
significant activity over a longer time period and did not drop below 3% activity until 78 h 
(MCM-41), 90 h (Al-MCM-41(Si/Al=75) and 98 h (Al-MCM-41(Si/Al= 150) respectively.  
 From the results presented in Figure 5.9B, it can be seen that the Ni-Cu supported on 
MCM-41 demonstrated a higher hydrogen yield ca. 203 Nm3 H2 (molNi)
-1 compared to the 
Ni-Cu/fumed silica (78.5 Nm3 H2 (molNi)
-1) and Ni-Cu/silicate-1 (117.9 Nm3 H2 (molNi)
-1) 
respectively. Incorporation of Al into the MCM-41 support significantly enhanced the H2 
yields. The 50wt%Ni-10wt%Cu supported on Al-MCM-41(Si/Al-150) and Al-MCM-
41(Si/Al-75) manifested higher H2 yields of 270 Nm
3/(molNi)
-1 and 232.4 Nm3/(molNi)
-1 
respectively compared to the Ni-Cu/MCM-41.  The higher H2 yield of the Al-MCM-
41(Si/Al= 150) versus the Al-MCM-41(Si/Al=75) (and also the higher H2 yields of both the 
aforementioned catalysts over the Ni-Cu/MCM-41 catalyst) is most likely due to one or more 
of the following: 
• The presence of framework Al increased the Ni and Cu dispersion resulted in 
surface enrichment of Ni and Cu and/or Ni-Cu alloy species on Ni-Cu/Al-MCM-
41(150). These results were supported by the combination of H2 chemisorption 
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and N2O decomposition studies (Table 5.3) and also by the surface compositions 
obtained by XPS analysis of the reduced catalysts (Table 5.4). In contrast, the 
lower CDM activity observed for the Al-MCM-41(Si/Al -75) compared to the Al-
MCM-41 (Si/Al -150), was explained due to the presence of more non framework 
Al species which lowered the dispersion of Ni and Cu species on the catalyst 
surface since the excessive Al (non framework) blocks the surface of catalyst. 
• Al incorporation increased the hydrogen spillover phenomenon from Cu to Ni [19] 
due to the more Ni-Cu alloy behavior resulted in enhanced reducibility of NiO 
(Table 5.2) and also reduced NiO reduction temperature. This argument was 
supported by the H2-TPR measurements (Figure 5.7). 
• Influence of carbon growth mechanism – which is discussed in sections 5.4.  
 
Figure 5.9: (A) Methane conversion with time on stream until complete deactivation of the 
catalysts and (B) hydrogen yields over various catalysts; CH4 flow rate = 30 mL min
−1, 
reaction temperature = 550 °C; catalyst weight ~ 20 mg + 80 mg of -Al2O3.  
 
5.3.9 Characterization of the deactivated catalysts 
5.3.9.1 Raman spectroscopic analysis of deactivated catalysts 
 Raman spectra of the deactivated catalysts are presented in Figure 5.10 to investigate 
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the nature of the carbon formed. As discussed in Chapter IV, the Raman band at 1590 cm-1 is 
attributed to the G-band (graphite band) and the 1320 cm-1 band is ascribed to the D-band 
(disordered carbon) [20, 21] and the peak area (frequency and intensity) ratio of Raman ‘D’ 
and ‘G’ band gives the degree of crystallinity of the produced carbon [22]. The Raman 
spectra (Figure 5.10A) of the deactivated samples exhibited both of the aforementioned 
bands; one at ca. 1320 cm-1 and the other at ca. 1590 cm-1. The ID/IG ratios of these two main 
bands showed the highest degree of graphitic / low structural defects carbon formation 
occurred over the Ni-Cu/Al-MCM-41(150) catalyst, with an ID/IG ratio of 0.19. This is an 
unprecedented ratio of ordered carbon obtained from CH4 cracking was the lowest reported to 
date over Ni based catalysts [17, 21, 23-34]. Anjaneyulu et al reported a lowest ID/IG ratio of 
0.5 for their studies using a Ni-Al-La (2.0:1.0:0.3 mole ratio), whilst Chai et al reported a 
lowest ratio of 0.7 for their studies using 8Co-2Mo (10wt%)/Al2O3  [35, 36]. It can be clearly 
seen that the “G” band to “D” band intensities obtained are inverted by the presence of –Al in 
the MCM-41.  
 Figure 5.10B represents a plot with the full width at half maximum (FWHM) of the 
G-bands for the various catalysts versus the ID/IG ratios obtained using Raman spectral data, 
and the total H2 yields. The results obtained indicated that the ID/IG ratio was decreased with 
an increase in FWHM. Carbon formation against the G bandwidth showed the graphitic 
natured (highly ordered) carbon formation over the Ni-Cu/Al-MCM-41(150) catalyst, where 
the ID/IG ratio was lower compared to other catalysts. From Figure 5.10B it can be observed 
that the Ni-Cu supported on fumed silica exhibited a higher ID/IG ratio (more disordered 
carbon formation) and also showed rapid deactivation compared to the other catalysts. When 
compared to Al-MCM-41 with Si/Al = 150 and 75; slightly lower H2 yields were observed at 
higher Al loadings.  
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Figure 5.10: (A) Raman spectra of deactivated samples and (B) The ID/IG ratio and H2 yields 
(mol H2/mol Ni) as a function of FWHM of G band obtained from Raman spectra of 
deactivated catalysts. (a) 50wt%Ni-10wt%Cu/fumed silica, (b) 50wt%Ni-10wt%Cu/silicate-
1, (c) 50wt%Ni-10wt%Cu/MCM-41, (d) 50wt%Ni-10wt%Cu/Al-MCM-41(Si/Al-150) and 
(e) 50wt%Ni-10wt%Cu/Al-MCM-41(Si/Al-75) catalysts.   
 
5.3.9.2 TEM analysis of deactivated catalysts 
 TEM analysis of the used Ni-Cu supported on silica and MCM-41 samples revealed 
that the carbon generated during testing was predominantly in the form of carbon nanofibers 
(Figure 5.11). From the TEM images it can be seen that on fumed silica supported catalyst 
large diameter carbon nanofibres were formed (120 nm) whilst for the silicate-1 supported 
catalyst showed CNFs with fragmented Ni-Cu particles. Interestingly CNFs of herring-bone 
structure with diameters of ca. 80 nm were observed on the MCM-41 supported catalyst. 
These results indicate that the size and shape of the Ni-Cu particle located at the tip is 
responsible for stability of the catalysts during CDM reaction [37].          
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Figure 5.11: TEM image of deactivated catalysts of  (A and B) 50wt%Ni-10wt%Cu/fumed 
silica, (C) 50wt%Ni-10wt%Cu/silicate-1, (D) 50wt%Ni-10wt%Cu/MCM-41, (E) 50wt%Ni-
10wt%Cu/Al-MCM-41(Si/Al-150) and (F) 50wt%Ni-10wt%Cu/Al-MCM-41(Si/Al-75). 
 
5.3.9.3 Differential thermo gravimetric analysis of deactivated catalysts 
 Figure 5.12 shows the first order derivative of TG thermographs obtained for the used 
catalysts. This derivative was linked to the temperature at which the maximum combustion 
rate occurred for the carbon deposited on the used catalysts. The Derivative thermo 
gravimetric profiles of Ni-Cu supported on silica supports (fumed silica, silicate-1 and MCM-
41) showed a wide peak below 730 °C, whilst the Ni-Cu supported on Al-MCM-41 samples 
exhibited a wide peak below 800 °C. Presence of the peaks at higher temperature for samples 
Ni-Cu supported on Al-MCM-41 samples are indicative of these samples containing a higher 
amount of graphitic carbon; as such carbon requires higher oxidation temperatures compared 
to amorphous carbon [38]. The Ni-Cu/Al-MCM-51(150) catalyst which had a maximum 
combustion rate at the highest temperature supplements with results obtained from the Raman 
spectroscopic analysis data wherein a higher degree of graphitic carbon on this catalyst 
compared to other catalysts.  
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Figure 5.12: Derivative TGA of deactivated samples (a) 50wt%Ni-10wt%Cu/fumed silica, 
(b) 50wt%Ni-10wt%Cu/silicate-1, (c) 50wt%Ni-10wt%Cu/MCM-41, (d) 50wt%Ni-
10wt%Cu/Al-MCM-41(Si/Al-150) and (e) 50wt%Ni-10wt%Cu/Al-MCM-41(Si/Al-75)  
catalysts. 
 
5.4 Discussion of carbon deposition mechanism 
 Due to the significant differences in Ni surface area between the fumed silica and 
silicate-1 with that of the MCM-41 supported catalysts; the potential differences in the carbon 
deposition mechanisms between these different catalysts are not discussed. With regards to 
the MCM-41 type supported catalysts (MCM-41, Al-MCM-41(Si/Al-150 and 75,) it was 
shown in section 5.3.9.1, that all the aforementioned catalysts had graphitic and amorphous 
carbon deposits. The ratio of graphitic: amorphous carbon (ID:IG) on these catalysts (based on 
Raman analysis) did however vary significantly for all three – differences in the amount of 
graphitic and amorphous carbon deposited was also supported by the TGA results. As 
discussed in earlier Chapters; carbon deposition in Ni catalysed CDM involves the diffusion 
of carbon through the metallic Ni particle. Specifically the rate and extent of diffusion of 
carbon are most likely critical factors with regards to the rate at which Ni active sites become 
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deactivated by carbon deposition. It was shown earlier that when Cu (a species that carbon 
does not diffuse through readily) was added to Ni a higher level of graphitic carbon formed 
which was explained due to slowing of the carbon diffusion rate. The increased level of 
graphitic carbon observed in this chapter for the Al-MCM-41 catalyst containing a Si/Al ratio 
of 150 (compared to no Al and a Si /Al ratio of 75) is proposed to be most likely due to the Al 
leading to improved Ni-Cu alloying which in turn will lead to an increased graphitic: 
amorphous carbon ratio.  
 
5.5 Conclusions 
➢ The H2 yields obtained using Ni-Cu supported on different silica supports followed 
the order: Al-MCM-41 (Si/Al-150) > Al-MCM-41 (Si/Al-75) > MCM-41> silicate-1 
> fumed silica. Among the tested catalysts, 50wt%Ni-10wt%Cu/Al-MCM-41 (Si/Al-
150) catalyst demonstrated the highest H2 yield (270 Nm
3/(molNi)
-1) with the higher 
amount of graphitic carbon formation.  
➢ 27Al-NMR analysis showed that the Ni-Cu doped on Al-MCM-41 (Si/Al-150) 
exhibited the higher number of tetrahedral Al species compared to Ni-Cu/Al-MCM-
41(Si/Al-75). 
➢ The powder XRD analyses of Ni-Cu supported catalysts revealed the formation of Ni 
rich alloy behavior on silica only catalysts (fumed silica, silicate-1, MCM-41) whilst 
the formation of more Ni-Cu alloy behaviour after the Al- is incorporated into MCM-
41 matrix. 
➢ The H2 TPR analysis revealed that the Ni-Cu supported on Al containing MCM-41 
samples showed an enhanced H2 spill over phenomenon than on the silica only 
catalysts. 
➢ Combination of H2 chemisorption and N2O decomposition studies revealed that the 
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higher Ni and Cu dispersion resulted in surface enrichment of Ni and Cu and/or Ni-Cu 
alloy species on Ni-Cu/Al-MCM-41 (150) catalyst. 
➢ The Raman spectral analysis of the deactivated Ni-Cu/Al-MCM-41(Si/Al-150) 
catalyst exhibited a highly ordered carbon with an unprecedented quality of CNFs. 
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Chapter-VI 
Conclusions and recommended future work 
 
This chapter gives an overall summary and conclusions of the thesis. It also includes the 
highlights of the work performed followed by scope for future work in catalytic 
decomposition of methane.  
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6.1 Conclusions 
The main aim of this thesis was to study the development of improved Ni based 
catalysts for COx free H2 production by catalytic decomposition of methane. Specific aspects 
of this process that were investigated included: 
-Influence of promoter(s) on Ni (Ni active sites) based materials 
-Influence of support materials (predominantly on catalyst activity and stability) 
-The mechanism of carbon deposition (and how this is influenced by the 
characteristics of the Ni, promoter(s) and support materials used)  
In chapter III, the influence of promoters on Ni was studied over synthesised nano 
sized H-β using the promoters (P = Zn, Fe, Co and Cu at 5wt%) for CDM. The results 
obtained showed Cu promoted Ni/nano H-β demonstrated the highest H2 yields (the influence 
of Cu is discussed in detail in the proceeding paragraph). Subsequently, further studies were 
conducted using Ni-Cu on different supports (commercial and nano sized H-β supports) 
where it was found that the higher surface area support was a superior catalyst (most likely 
due to this catalyst having a higher Ni surface area). Studies were also conducted on the 
influence of reaction temperature in the range of 450-650 °C and the obtained results showed 
increases in reaction temperature led to increases in the methane conversion rate (and also 
faster catalyst deactivation due to increased carbon formation / deposition). Finally the 
optimised reaction temperature was 550 °C for the higher catalytic activity over Ni-
Cu/nanoHβ catalyst. The major results and conclusions drawn out of the research in this 
chapter are summarised below: 
 H2-TPR measurements showed that the addition of Cu to Ni decreased the Ni - 
support interactions – this resulted in the favoring of a tip-growth mechanism 
during the carbon growth mechanism over the catalysts (which in turn most likely 
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leads to a slowing of the rate of deactivation of Ni active sites and hence a 
prolonging of activity). These results were supported by the TEM images of the 
deactivated catalysts and also the Raman spectra of the deactivated catalysts. 
 A combination of H2 pulse and N2O titration showed that Ni and/or Ni-Cu 
supported on nano H-β support had higher Ni metal surface areas compared to 
larger sized commercial H-β supported Ni and Ni-Cu catalysts. 
 The XRD patterns of the reduced catalysts showed evidence of the presence of a 
homogeneous Ni-Cu alloy phase on the nano H-β support whilst the formation of 
segregated Ni
0
 and Cu
0
 phases were observed on the commercial H-β supported Ni-
Cu catalyst. 
 The obtained H2 yields were linearly related to the Ni metal surface area of the 
tested catalysts and demonstrated the important influence of metal surface area on 
H2 yields.  
In chapter IV, Ni supported on MCM-41 catalysts was examined for CDM at 550 °C. The 
CDM activity results demonstrated that the 50wt%Ni supported on MCM-41 exhibited the 
highest H2 yield of 122 Nm
3
/molNi. The copper promotional effect to Ni was also studied 
with respect to Cu loading on Ni/MCM-41. The results obtained showed that the 10wt%Cu 
promoted 50wt%Ni/MCM-41catalyst exhibited the improved H2 yield of 209 Nm
3
/molNi. The 
following are the important conclusions drawn from the research conducted in this chapter. 
 SEM images showed the MCM-41 support was mostly in the form of spherical (in 
shape) particles and TEM analysis revealed that most of the nickel particles are 
present on the outer surface of the MCM-41. 
 H2 and N2O pulse chemisorption studies revealed that the highest Ni metal surface 
area was obtained using a Ni loading of 50wt% (wherein the catalysts were prepared 
with Ni loadings ranging from 10 - 60%). 
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 H2 TPR measurements showed that the addition of copper to Ni/MCM-41   
dramatically shifted the Ni reduction maxima to a lower temperature which was most 
likely due to H2 activation by neighbouring Cu species. 
 XRD patterns of calcined and reduced samples revealed copper addition led to a 
decrease in the sintering of the Ni particles. 
 Raman spectroscopic studies on copper modified 50wt%Ni/MCM-41 deactivated 
catalysts showed the presence of more graphitic carbon formation with the increase 
in copper loading. Copper in close contact to Ni on the surface most likely influenced 
the catalyst deactivation mechanism by precipitating the high quality graphitic carbon 
formation. 
The results obtained from the previous chapters demonstrated that active Ni metal surface 
area and the mechanism(s) of carbon growth that occur were  two major factors that 
influenced  the longevity of the Ni based CDM catalysts studied. In order to further improve 
the H2 yields, it was decided to investigate the use of support materials that could potentially 
enhance the aforementioned. This resulted in studies using Al modified MCM-41 as a support 
for the Ni-Cu catalysts. The studies also included tests using different supports (supports with 
significantly different pore sizes) for comparison – these different supports included fumed 
silica (non-porous) and silicate-1 (microporous). The conclusions obtained from this study 
are summarised below: 
 Among the tested catalysts [Ni-Cu supported on fumed silica, silicate-1, MCM-41, 
Al-MCM-41 (Si/Al-150 and Si/Al-75)], the Ni-Cu/Al-MCM-41 (Si/Al-150) catalyst 
demonstrated the highest H2 yield (270 Nm
3
/(molNi)
-1
) with the higher amount of 
graphitic carbon formation. 
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 27Al-NMR analysis showed that the Ni-Cu/Al-MCM-41 (Si/Al-150) exhibited a 
higher number of tetrahedral Al species ((td/oct)Al =2.17) compared to Ni-Cu/Al-
MCM-41(Si/Al-75). 
 The powder XRD analyses of Ni-Cu supported catalysts revealed the formation of Ni 
rich alloys on the silica only catalysts (fumed silica, silicate-1, MCM-41) whilst the 
formation of more Cu rich alloys were observed for the Al-containing MCM-41 based 
catalysts. 
 The H2 TPR analysis revealed that the Al incorporation most likely enhanced the H2 
spill over phenomenon from Cu to Ni as the catalysts containing Al underwent 
reduction at lower temperatures than the silica only catalysts. 
 Combination of H2 chemisorption and N2O titration results revealed that the Ni-
Cu/Al-MCM-41 (Si/Al-150) catalyst with more tetrahedral Al species increased the 
Ni and Cu and/or Ni-Cu dispersion whereas Ni-Cu/Al-MCM-41 (Si/Al-75) showed 
lower dispersion of active species. 
 The Raman spectral analysis of the deactivated Ni-Cu/Al-MCM-41(Si/Al-150) 
catalyst showed highly ordered carbon formation occurred on this catalyst with the 
spent catalyst containing an unprecedented quality of CNFs. 
 The highlight of the thesis is the formation of an unprecedented quality of graphitic 
carbon, along with the highest hydrogen yields, over the Ni-Cu/Al-MCM- 41 (Si/Al-
150) catalyst that was developed. 
 
6.2 Scope for the future research in CDM 
 The H2 yields obtained in this study were quite impressive due to the long life of the 
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best catalyst system [50wt%Ni-10wt%Cu/Al-MCM-41(Si/Al-150)]. It is 
recommended that studies be undertaken to study the role of Al by varying the 
different Si/Al ratios in Al-MCM-41 support. In order to further improve the H2 yields 
it is also recommended that optimisation of parameters such as catalyst pre-treatment 
conditions and the reaction conditions be studied further.  
 Based on the results obtained in this study, variation in carbon diameter and length 
seems to be significant. Hence studies to investigate key factors (Ni site, Reaction 
conditions) are required. 
 New synthesis methods have to be adopted for the Ni and Cu doping into the MCM-
41 materials since the Ni-Cu particle size can be controlled by using stabilising agents 
(eg: PVP, CTAB etc) and also reducing agents (NaBH4).  
 Catalyst regeneration tests need to be performed using O2, H2O and/or CO2 (however 
these operations also produce CO and CO2 emissions which is not desirable for 
environmental aspects). 
 Natural gas has a composition of methane (95% mole), ethane (3-4%), propane 
(0.5%) and higher hydrocarbons (<1%). Investigations are required using natural gas 
as a feed for the cracking while the current studies were performed using pure 
methane as a feed. 
 It is recommended that the technology optimisation can be improved by studying the 
influence of reactor type. For example replacing the fixed bed reactor with the 
fluidised bed reactor. 
 In chapter V it was shown that high quality graphitic carbon was formed over the best 
catalyst system [NiCu/Al-MCM-41(Si/Al-150)]. This finding opens the possibility of 
CDM being used for the synthesis of high quality carbon. As there is a lot of 
demand/scope for the synthesis of graphitic carbon production.  
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Calculation of H2 yield 
H2 yields were calculated using the stoichiometric equation of methane decomposition 
process. One mole of methane yields two moles of carbon and one mole of hydrogen. 
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